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Plant cell walls form the first barrier during exposure to biotic and abiotic stresses and are constantly 
remodelled during developmental and growth processes. Thus, it is conceivable that a dedicated 
monitoring system perceives changes in cell wall integrity and initiates a coordinated set of responses. 
Currently, there is only limited knowledge on how this system functions. Recent findings have suggested 
that cell wall damage (CWD) caused by chemical or genetic inhibition of cellulose biosynthesis and 
pathogen attack triggers a canonical set of overlapping responses. These include ectopic deposition of 
lignin, increases in production of jasmonic (JA) and salicylic acid (SA), ethylene, reactive oxygen species 
(ROS), callose deposition, transcriptional activation of stress response mechanisms and changes in cell wall 
composition and structure. Isoxaben is a chemical inhibitor of cellulose biosynthesis that induces CWD. 
Microarray-based gene expression profiling has previously identified several genes whose expression is 
transiently induced in Arabidopsis thaliana seedlings exposed to isoxaben. In the work presented here, the 
function of two of these genes, ATL2 and AT5G43450, was characterized. To achieve this, loss of function 
knock-out lines for each gene were used in phenotypical analyses based on the isoxaben-induced 
responses. Additionally, molecular tools were developed to study the global expression pattern and sub-
cellular localization of ATL2 and AT5G43450, and complementation constructs for atl2 and at5g43450 were 
generated as well. ATL2 was found to be involved in regulation of JA biosynthesis and lignin deposition in 
response to cellulose biosynthesis inhibition. Global gene expression pattern analysis using promoter-
reporter constructs showed that ATL2 is expressed in most of the plant tissues in seedlings and adult plants. 
AT5G43450 was suggested to be involved in inhibition of cell elongation upon isoxaben addition. 
at5g43450 seedlings exhibited reduced sensitivity to inhibition of cell elongation caused by isoxaben. In 
accordance with this observation, at5g43450 lines expressing the full-length genomic AT5G43450 exhibited 
wild-type levels of cell elongation inhibition. AT5G43450 was found to localize to the nucleus and cytosol, 
as determined by using an AT5G43450::CITRINE translational fusion protein under the control of the 
constitutive promoter 35S. Furthermore, by using a cell cycle marker line containing a CYCB1;1::GUS 
reporter, isoxaben was shown to inhibit cell cycle progression 6 h after the start of the treatment. 
Interestingly, providing osmotic support suppressed the isoxaben effect, as CYCB1;1::GUS activity levels 
were not changed under these conditions. Similarly, the addition of MeJA counteracted the isoxaben-
induced cell cycle inhibition as well. Moreover, ATL2 and AT5G43450 were found to be involved in cell cycle 
regulation since atl2 and at5g43450 containing the same reporter construct exhibited stronger activity 
levels of CYCB1;1::GUS compared to the control. In particular, ATL2 was found to be involved in the MeJA 
modulation of cell cycle progression since CYCB1;1::GUS activity levels substantially increased in atl2 after 
addition of MeJA. Together, these results show that ATL2 and AT5G43450 are involved in the isoxaben-
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1.1 Plants as an alternative source of energy 
In the 20th century, the human population has quadrupled and primary power consumption increased 16-
fold (Hoffert et al., 2002). As observations of global warming and depletion of world petroleum reserves 
increase new energy sources are required to stop the increase in the greenhouse gas (GHG) emissions that 
are presently rising due to fossil fuel burning. Moving from a petroleum dependent to a renewable sources 
based industrial society is a major challenge for mankind at the moment. A broad range of research and 
development in producing novel technologies in different areas is necessary to stabilize the climate and 
permit a sustainable world economy. Amongst the most promising candidates for carbon neutral future 
primary energy sources are biomass-derived biofuels. Plants capture solar energy through photosynthesis 
and turn it into chemical energy which is stored in form of biopolymers such as starch or cellulose. Plants 
accumulate high levels of energy and therefore it is with no surprise that interest in using them as energy 
sources has increased in recent years – worldwide production of biodiesel increased by 60% in 2005 and 
bioethanol by 19% over the previous year’s production (Schubert, 2006). Currently, most biofuels, which 
are called the first-generation biofuels, are derived from starch, oils or sugarcane. Corn is used in the 
United States to produce bioethanol; soybeans, canola seed or palm fruit are the raw materials which 
biodiesel is made from; and Brazil’s usage of sugarcane as ethanol source is one of the most successful 
examples of what can be achieved from plants for biofuel production. In comparison to the first-generation 
biofuels, lignocellulosic biomass derived biofuels have several advantages and have attracted attention as 
possibly one of the best energy sources for the future. First of all, plant cell walls, where the lignocellulosic 
material is present, are the most abundant renewable resource on the planet, with cellulose being the most 
abundant polymer. It has been estimated that the worldwide biomass production by land plants is 170-200 
x 109 tonnes. Of this amount, 70% represents cell walls, a third of which is entirely cellulose (Somerville, 
2006, Pauly and Keegstra, 2008). It is possible to obtain lignocellulosic biomass from many different 
materials such as trees, wheat straw, corn husks or discarded rice hulls. Second, lignocellulosic biomass 
feedstocks do not serve as food for animals and humans as corn or soybean do, and therefore do not 
compete with the food market. In addition, their ability to grow on marginal agricultural land and nitrogen-
poor soils indicates that this type of resource will need minimal amounts of fertilizer and pesticide. Thus, 
they are less harming for the ecosystems in comparison to the currently used soybean and corn and at the 
same time remove the competition for available land that first generation biofuels originate (Hill et al., 
2006, Tilman et al., 2006). Although gains are possibly limited by higher energy requirements, the Net 
Energy Balance (NEB) ratios for lignocellulosic biomass derived biofuels can be 3 to 4 times higher than corn 
and soybean derived fuels (Tilman et al., 2006). In parallel, the combined climate-change and health costs 
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have been estimated to be $469 million for gasoline, $472-952 million for corn ethanol, but only $123-208 
million for cellulosic ethanol (Hill et al., 2009). Additionally, biodiesel and corn ethanol reduce the GHG 
emissions by 12% and 41% in comparison to fossil fuel derived diesel and gasoline, respectively, while 
lignocellulosic biomass derived biofuels decrease the GHG emissions reductions to 6 to 16 times greater 
than those achieved by biodiesel and corn ethanol (Tilman et al., 2006). 
 
The production of biofuels from lignocellulosic biomass feedstocks involves three different processes: i) 
generation and collection of lignocellulosic biomass, ii) break-down of the cell wall polymers into simple 
sugars (pre-treatment and saccharification) and iii) conversion of the sugars into bioethanol by 
fermentation. Improvements in each of these steps are under way and are expected to increase the 
productivity of biofuel production (Rubin, 2008). Potential bioenergy crops have not been optimised for this 
purpose yet. Consequently, there is an immense potential for improving biomass quality and quantity. 
Criteria for selection of plants for bioenergy crops include cell wall composition, growth rate, suitability to 
grow in different geographical regions, resource-use efficiencies and pathogen resistance (Rubin, 2008). 
Optimisation of these interrelated plant traits will increase industrial crop value by maximizing the biomass 
yield per unit land area, thus also lowering the overall impact in land use. In this context, genetic 
modification of plants is expected to be a major contribution towards the improvement of lignocellulosic 
biomass quality.  
 
Lignocellulosic biomass is derived from plant cell walls. In this context, the cell wall is also a major target for 
genetic manipulation in order to improve biofuel production. However, gaining access to the important 
parts of biomass during the biofuel production process, i.e., the cell wall polysaccharides that can be 
hydrolysed into simple sugars for conversion to ethanol, is not a simple task. The major components of 
plant secondary cell walls are cellulose, hemicellulose, and lignin (Harris and Stone, 2008). Cells forming the 
bulk of the lignocellulosic biomass have evolved to resist degradation by mechanical and microbial agents. 
Covalently bound to hemicelluloses, lignin provides rigidity and strength to the cell walls, allowing plants to 
grow upward. The presence of lignin in the lignocellulosic material is a major obstacle in the process of 
converting plant biomass to biofuels by enzymatic hydrolysis, since the rate of conversion of cellulose to 
sugars by this process is inversely proportional to the amount of lignin present  in biomass, and small 
differences in the amount of lignin have a significant effect on the efficiency of cellulose digestion (Chen 
and Dixon, 2007). Hence, conceptually, genetically engineering lignin content can be used to increase 
bioconversion rates. Hu et al. (1999) successfully reduced the lignin content in poplar through 
downregulation of PT4CL1, a lignin biosynthetic pathway gene involved in generating activated phenolic 
precursors for lignin, leading to a concomitant increase in cellulose levels. Structural integrity was 
maintained both at the cellular and whole-plant levels, suggesting that lignin and cellulose deposition are 
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coordinated and can be regulated in a compensatory mechanism, showing the flexibility of the metabolic 
pathways involved. In another study, the independent downregulation of 6 different lignin biosynthetic 
genes in alfalfa resulted in the release of twice as much sugar from cell walls as wild-type after enzymatic 
digest (Chen et al., 2006). These results suggest that the manipulation of the cell wall biosynthetic 
pathways for biofuel production goals can be achieved without compromising the life cycle of a plant. On 
the other hand, the above results were achieved in the laboratory, whereas only a few studies have 
assessed the beneficial effects of lignin engineering in the field, where plants are exposed to various 
conditions and stresses impossible to mimic in a greenhouse. In fact, downregulation of CCR, a gene 
involved in the penultimate step of lignin biosynthesis, resulted in a 50% reduction in lignin content in 
poplar, but growth was affected in all the transgenic lines tested (Leple et al., 2007). 
 
One of the most challenging tasks of producing cellulosic biofuels is the process of breaking down cellulose. 
Currently, cellulases are being used to degrade cellulose into monosaccharides, but access to the cellulose 
glycosidic linkages is made difficult by the microfibrils rigidity. Optimization of this saccharification process 
is crucial because the efficiency of biomass conversion depends on the release and hydrolysis of the plant 
polysaccharides present in the lignocellulosic material. In fact, one of the factors slowing the biomass 
conversion into biofuels is the high cost of cellulases. Currently, it is not well understood how cellulose 
microfibrils are generated and therefore it is not possible to hypothesise about whether the structure of 
cellulose can be modified in an advantageous way (Somerville, 2006, Carpita, 2011). Relatively little 
breeding has been done to increase the digestibility of cell walls of candidate crop species for biofuel 
production, as it can be very expensive to perform direct tests of digestibility (Carroll and Somerville, 2009).  
Therefore, there is a pressing need to identify the structural features of cell walls that influence its 
digestibility. Traits such as recalcitrance to sugar release, acid digestibility and general cell wall composition 
become major targets for phenotypic selection and genetic manipulation. Modifications in the ratios and 
structures of the different cell wall components that may facilitate their deconstruction at the cost of a less 
rigid plant are therefore focussing attention in the relative research. In particular, and since cellulose is the 
main load-bearing component of cell walls, significant research efforts have been directed towards 
understanding the biological process of cellulose synthesis and deposition (Carpita, 2011). Cell wall 
polysaccharides and lignin components are also targets of intensive research at the present moment 
(Scheller and Ulvskov, 2010, Vanholme et al., 2010). In this context, understanding the mechanisms 
involved in plant cell walls composition, structure and modification upon different environmental and 
developmental conditions and how this integrated network functions, is a major challenge that has a long 
way to go but that will gather invaluable and crucial information to develop and improve biofuel production 




1.2 The Plant Cell Wall 
Plant cell walls are highly heterogeneous and complex structures and are able of combining extreme tensile 
strength with extensibility in growing cells. In primary cell walls, i.e., growing cell walls, the wall is typically 
a thin, flexible layer (0.1–1 μm) that consists primarily of complex polysaccharides and a small amount of 
structural proteins (Cosgrove, 2005). After the cells reach their final size, some cells lay down a thick 
secondary cell wall inside the primary wall that provides plants with the mechanical properties that allow 
them to stand upright, and which play a crucial role in functional xylem vessels. Plant cell walls show ample 
diversity in composition in different species, in different cell types, and also in different sub-cellular cell wall 
domains and over time during cellular differentiation (Derbyshire et al., 2007, Freshour et al., 1996, 
Pelletier et al., 2010, Roppolo et al., 2011). However, despite this variation, all plant cell wall types are 
structurally similar and are based on strong cellulose microfibrils, which are cross-linked to a matrix 
consisting of hemicellulose and pectin, structural proteins, and, in certain cell types, lignin (Humphrey et 
al., 2007). In Arabidopsis, an estimated 10% of the genome, corresponding to about 2500 genes, is devoted 
to construction, dynamic architecture, sensing functions, and metabolism of the plant cell wall (Yong et al., 
2005). Most of these genes encode proteins from gene families involved in substrate generation, glycosyl 
transfer, targeting and trafficking, cell wall rearrangement, and modification by hydrolases, esterases and 
lyases. However, the biochemical activity of most enzymes involved in glycosyl transfer remains to be 
elucidated; also, an additional 40% of the genome encodes genes whose functions have not been identified 
yet, highlighting the currently incomplete set of information available regarding plant cell walls (Yong et al., 
2005, Carpita, 2011). 
 
1.2.1 Primary cell wall 
The primary cell wall of dicotyledonous plants consists of three main components: cellulose, hemicelluloses 
and pectins (Figure 1.1) (Humphrey et al., 2007). Their relative proportions vary across different plant 
species (Reddy and Yang, 2005). Cellulose is the main load-bearing element of the cell wall, forming 
microfibrils which are insoluble cable-like structures that are typically composed of approximately 36 
hydrogen-bonded chains containing 500 to 14,000 β-1,4-linked glucose molecules. They create a scaffold 
material that is mechanically strong and highly resistant to enzymatic attack. These long, crystalline 
microfibrils are 3–5 nm wide and, in anisotropically growing cells, are specifically oriented. They create 
mechanical anisotropy in the wall, which determines the growth direction of the cell (Somerville, 2006, 
Cosgrove, 2005). Cellulose microfibrils are embedded in a matrix of complex polysaccharides, which are 





Hemicelluloses bind to cellulose through multiple hydrogen bonds, but branches and other modifications in 
their structure stop them from forming microfibrils by themselves (Scheller and Ulvskov, 2010). Xyloglucan 
and arabinoxylan are two of the most abundant hemicelluloses. The backbone of xyloglucan is similar to 
that of cellulose, but it is decorated with xylose branches on 3 out of 4 glucose residues. The xyloglucan can 
also contain galactose and fucose residues. Arabinoxylan consists of a (1,4)-linked β-D-xylan backbone 
decorated with arabinose branches. Other residues, such as glucuronic acid and ferulic acid esters, also 
exist in arabinoxylans that are particularly abundant in cereal grasses. Mannans are also found in primary 
cell walls and most likely function in the same way as xyloglucan and arabinoxylan.  
 
Pectins are some of the most complex macromolecules in nature. They form an elaborate and 
heterogeneous group of polysaccharides consisting of distinctive domains, which are believed to be 
covalently linked (Ridley et al., 2001). Rhamnogalacturan I consists of alternating residues of galacturonic 
acid and rhamnose with side branches that contain other pectin domains (Vincken et al., 2003). 
Homogalacturonan comprises a linear chain of galacturonic acid residues, whereas xylogalacturonan is 
modified by the addition of xylose branches. The carboxyl groups of homogalacturonan and 
xylogalacturonan are often methyl esterified, a modification that blocks the acidic group and reduces their 
ability to form gels. Rhamnogalacturonan II is a complex pectin domain that contains 11 different sugar 
residues and forms dimers through borate esters. The neutral arabinans and arabinogalactans are also 
linked to the acidic pectins and it has been proposed that they promote wall flexibility and bind to the 
surface of cellulose, implying that pectin might crosslink cellulose microfibrils (Jones et al., 2003, Zykwinska 
et al., 2005, Zykwinska et al., 2007). Pectins have several functions, including forming hydrated gels that 
push cellulose microfibrils apart, allowing them to slip during cell expansion and locking them in place when 
growth stops. They also have a role in wall porosity and wall thickness, gluing the cells together in an 
adhesive layer called the middle lamella (Iwai et al., 2002). In addition, pectins are primary targets of 
pathogen attacks and their breakdown products are known to function as potent elicitors of plant defense 






Figure 1.1 Model of the primary cell wall-plasma membrane-cytoskeleton continuum structure. The cell wall consists 
of cellulose microfibrils cross-linked by hemicelluloses, which are embedded in a pectin matrix. Several cell wall-
associated proteins are present such as (A) expansins, (F) extensins and (B) glycosylphosphatidylinositol (GPI)-
anchored proteins. Plasma membrane proteins such as (C) cellulose synthase complex, (D) receptor kinases and (E) ion 
channels interact with the cell wall and cytosol proteins or microtubules. Adapted from Humphrey et al. (2007). 
 
In addition to the polysaccharide network, structural proteins also play an important role in cell wall 
architecture, and commonly constitute approximately 10% of the wall of growing cells. Among them are 
extensins, which are extracellular, basic, hydroxyproline-rich structural glycoproteins that seem to be 
essential for primary cell wall assembly (Lamport et al., 2011). Positively charged extensins can create an 
interlaced network with negatively charged pectin, forming a scaffold for the assembly of the new cell 
plate. In vitro studies demonstrated that extensin proteins promote the dehydration and compaction of 
pectins and suggested that in addition to charge, extensin conformation is also critical for the strong 
interaction (Valentin et al., 2010). Arabidopsis contains 20 highly similar extensin proteins. One of them, 
ATEXT3, is present in cell plates and mature walls and atext3 mutants are embryo lethal and form 
incomplete cell plates (Cannon et al., 2008). Another type of proteins present in the cell wall are expansins, 
small secreted proteins found at relatively low abundance and that are involved in controlling cell wall 
loosening by disrupting the noncovalent bonds between cellulose and matrix polysaccharides (McQueen-
Mason and Cosgrove, 1995). In addition, over 200 glycosylphosphatidylinositol (GPI)-anchored proteins 
(GAPs) have been identified in Arabidopsis; these proteins are secreted to the outer face of the plasma 
membrane, where they bind by virtue of their GPI anchors. Because the latter can be cleaved by 
phospholipase C or D, it is possible that GAPs could be released from the plasma membrane to the cell wall 
(Borner et al., 2002, Sherrier et al., 1999, Borner et al., 2003). 
 
1.2.2 Secondary cell wall 
After cell morphogenesis is concluded, a thick secondary cell wall is deposited that provides plants with the 










xylem vessels (Taylor, 2008). In addition, secondary cell walls reinforce the wall against pathogen infection 
(Tronchet et al., 2010). During the formation of secondary cell walls, lignin is deposited, conferring rigidity 
and impermeability to plant cells (Vanholme et al., 2010). Also, as will be discussed later, lignin biosynthesis 
can be induced in primary cell walls upon biotic and abiotic stress conditions such as wounding, pathogen 
infection, cell wall damage, metabolic stresses or in mutants impaired in cellulose biosynthesis (Cano-
Delgado et al., 2003, Hamann et al., 2009). Previous findings have shown that dramatically reduced lignin 
amounts result in altered plant development, such as collapsed xylem vessels that become unable to 
withstand the negative pressure generated during water transport through the xylem. The irregular xylem 
(irx) phenotype, indicative of reduced cell wall strength, has been identified in Arabidopsis mutants 
impaired in the biosynthesis of cellulose or lignin (Turner and Somerville, 1997, Jones et al., 2001). Similarly, 
in tobacco, defects in lignin biosynthesis and in phenylpropanoid biosynthesis are characterized by irregular 
or distorted xylem vessels (Piquemal et al., 1998, Ranocha et al., 2002). Interestingly, genes involved in 
lignin biosynthesis in Arabidopsis, CAD-C and CAD-D, are required for the defense response to the bacterial 
pathogen Pseudomonas syringae pv. tomato (Tronchet et al., 2010). 
 
Lignin is the generic term for a large group of aromatic polymers resulting from the oxidative combinatorial 
coupling of 4-hydroxyphenylpropanoids (Vanholme et al., 2010). The main building blocks of lignin are the 
hydroxycinnamyl alcohols (or monolignols) coniferyl alcohol and sinapyl alcohol, with minor amounts of ρ-
coumaryl alcohol. The monolignols are synthesized from phenylalanine through the general 
phenylpropanoid and monolignol-specific pathways. Several enzymes of the lignin biosynthetic pathway 
such as C4H and F5H are membrane proteins believed to be active at the cytosolic side of the endoplasmic 
reticulum, but it remains to be clarified whether other pathway enzymes are part of the metabolic 
complexes at the endoplasmic reticulum as well (Chapple, 1998, Ro et al., 2001).  
 
After their biosynthesis, monolignols are transported to the cell wall by a yet unidentified mechanism. 
Current working models propose that they are translocated to the plasma membrane by Golgi-derived 
vesicles or by specific transporters, but evidence in support of these hypotheses is lacking (Vanholme et al., 
2010). Alternatively, coniferyl and sinapyl alcohols may be capable of diffusing through the plasma 
membrane by themselves (Boija and Johansson, 2006). Lignin polymerization occurs via oxidative 
radicalization of phenols, followed by combinatorial radical coupling (Vanholme et al., 2010). Peroxidases 
and laccases are the enzymes involved in the oxidation reactions of the lignin radicals, using H2O2 and 
oxygen, respectively, as substrates to oxidize the monolignols. Lignin formation occurs within the wall 





1.2.3 Cellulose biosynthesis 
Although many issues remain to be elucidated, the processes by which cellulose and hemicelluloses are 
synthesized and deposited in the cell wall are currently being studied. Cellulose microfibrils are synthesized 
at the plasma membrane by symmetrical rosettes of six globular complexes (Giddings et al., 1980, Mueller 
and Brown, 1980, Kimura et al., 1999). CESA proteins are thought to be the catalytic subunits of the 
cellulose synthase complexes and are encoded by a gene superfamily of ten CESA genes that are found 
throughout the plant kingdom. This family includes 29 CESA-LIKE (CSL) genes as well, which are divided in 
eight subfamilies (CSLA-H) (Richmond and Somerville, 2000). The CESA genes were originally identified in 
plants by comparing sequences from a cotton fibre cDNA library with bacterial cellulose synthase (Pear et 
al., 1996). In Arabidopsis, there are ten CESA proteins which share an average sequence identity of 64% to 
each other (Holland et al., 2000, Richmond, 2000) . In maize, barley and poplar, there are at least 12, 8 and 
7 CESA genes, respectively (Appenzeller et al., 2004, Burton et al., 2004, Joshi et al., 2004). The CESA genes 
in green algae show strong sequence similarity to higher plants CESA genes, suggesting a strong 
conservation across higher plants, and have conserved intron structures, which suggests functional 
constraints due to putative regulatory elements in these regions (Roberts and Roberts, 2004). A commonly 
described model of a cellulose synthase rosette shows a hexameric structure of six lobes, each containing 
six catalytic CESA proteins (Figure 1.2). 
 
Figure 1.2 Model of a cellulose synthase rosette complex structure and synthesis of cellulose microfibrils. Each CESA 
protein polymerizes a β-1,4-glucan chain that are assembled together to form a crystalline cellulose microfibril. In this 
model, each rosette is formed by a hexamer of CESA hexamers, which in total produce 36 glucan chains that form the 
final cellulose ribbon. Adapted from Cosgrove (2005). 
 
CESA proteins have eight putative transmembrane domains, two of which are N-terminally located and the 
other six cluster near the C-terminus (Figure 1.3). A large central domain lies between the two regions 
harbouring transmembrane domains and is thought to be cytoplasmic; it is highly conserved among all the 
CESA proteins apart from a class-specific region (Vergara and Carpita, 2001). The large central domain 






contains a motif (Q/RXXRW) that is associated with bacterial cellulose synthases and other 
glycosyltransferases. Additionally, a DXD motif and two other aspartate residues have been associated with 
this type of enzymes. The N-terminal region contains a cysteine-rich Zinc finger domain, which is implicated 
in different cellular processes including protein-protein interactions (Saurin et al., 1996). 
 
 
Figure 1.3 Schematic representation of the structure of CESA3, a typical CESA protein. The central domain containing 
the DXD and Q-RXXRW motifs, and the class-specific region is shown as well as the locations of the aspartate residues 
(D1-2). The locations of two point mutations that confer resistance to isoxaben, ixr1-1 and ixr1-2, are shown. The sites 
where the protein has been found to be phosphorylated are indicated as well. Adapted from Somerville (2006). 
 
Localized at the plasma membrane, the cellulose synthase complex synthesizes the cellulose polymer 
chains by adding cytoplasmic UDP-glucose, and the newly made cellulose microfibrils are deposited into the 
extracellular wall matrix (Figure 1.4). Following analysis of CESA1, -2, -3 and -6 mutants and antisense 
constructs at least three CESA proteins are required for the primary cell wall synthesis (Arioli et al., 1998, 
Beeckman et al., 2002, Burn et al., 2002, Desprez et al., 2002, Scheible et al., 2001). CESA1 appears to be 
essential, whereas knockouts of CESA3 and -6 result in partially impaired synthesis but not in total loss of 
activity. CESA2, -5 and -6 seem to have partially redundant functions. A widely accepted hypothesis is that 
CESA1, -3 and -6 assemble to synthesize the primary cell wall, while CESA4, -7 and -8 are involved in the 
formation of the secondary cell wall. Direct interactions between the latter have been shown in vivo by 
colocalization studies (Taylor et al., 2003). Domain-swap experiments with CESA1 and -3 demonstrated that 
these two subunits are involved in the same process, while direct interactions between CESA1, -3 and -6 
were detected by bimolecular fluorescence complementation and pull-down experiments (Wang et al., 
2006, Desprez et al., 2007, Wang et al., 2008a). Besides CESA subunits, additional proteins are suspected to 
be necessary for the polymerization of glucose into cellulose, metabolic channelling of substrates, 
crystallization and termination of chains (Somerville, 2006, Carpita, 2011). A proteomics screen of plasma 
membrane proteins showed that certain CESA proteins are phosphorylated at several locations within the 
catalytic and N-terminal domains (Nuhse et al., 2004). A protein that is possibly associated with cellulose 
biosynthesis is KOR, which appears to be expressed in all cells and is a membrane-localized β-1,4-glucanase 
(Nicol et al., 1998). Mutations in KOR result in reduced cellulose accumulation and changes in pectin 
composition that presumably reflect responses to the cellulose deficiency (Sato et al., 2001, His et al., 
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2001). Although the specific function of KOR is not known currently, it is suggested that KOR may remove 
noncrystalline glucan chains and/or relieve tensional stress, which presumably arises during the formation 
of the large number of glucan chains into a microfibril (Molhoj et al., 2002). This model is supported by the 
observation that bacterial cellulose synthesis requires a related glucanase for in vivo activity but not for in 
vitro activity (Romling, 2002).  
 
Early observations showed that the orientation of cortical microtubules in expanding cells is similar to that 
of cellulose microfibrils, suggesting that the microtubules may align the cellulose microfibrils during their 
deposition at the cell wall (Ledbetter and Porter, 1963, Baskin, 2001). In support of this model, fluorescence 
tagging has been used to visualize the movement of cellulose synthase complexes at the plasma membrane 
and along the cytoskeleton microtubules (Paredez et al., 2006). Recently, it has been also shown that the 
cellulose synthase interactive protein, CSI1, is a microtubule-associated protein that bridges CESA 
complexes and cortical microtubules, and that the association between CESA complexes and microtubules 
is dependent on CSI1 (Li et al., 2012). 
 
 
Figure 1.4 Model of cellulose biosynthesis. The cellulose synthase complex consisting of CESA subunits moves along 
the plasma membrane in response to elongation of the newly polymerized glucans chains by addition of glucan 
moieties from cytosolic UDP-glucose. KOR is thought to participate in this process by mediating the initiation of glucan 
molecules addition. CSI1 mediates the interaction between CESA complexes and cortical microtubules. Adapted from 
Somerville (2006). 
 
In contrast to cellulose, matrix polysaccharides such as hemicelluloses and pectic polysaccharides contain 
more diverse glycosidic linkages and sugar residues. CSL proteins contain sequence motifs that are 












found in CESA, which function in protein dimerization (Richmond and Somerville, 2000). Because of their 
similarity to CESA proteins, CSLs are presumed to represent some of the synthases that polymerize the 
glucan backbone of hemicelluloses such as xyloglucan, xylan, mannan and other β-glucans in the cell wall 
(Scheible and Pauly, 2004, Scheller and Ulvskov, 2010). It has been proposed that CSLAs are β-mannan 
synthases and are involved in the synthesis of mannan backbone of certain hemicelluloses (Dhugga et al., 
2004, Liepman et al., 2005). The xyloglucan fucosyltransferase was one of the first cell wall biosynthetic 
enzymes to be indentified (Perrin et al., 1999). mur2 mutants, which exhibit a deficiency in fucose, were 
shown to be affected in the same enzyme (Vanzin et al., 2002). MUR3 has also been shown to encode a 
xyloglucan galactosyltransferase whose activity has been confirmed in vitro (Madson et al., 2003). The 
backbone of xyloglucans is apparently synthesized by members of the CSLC subfamily since CSLC4 has been 
reported to synthesize this polysaccharide, but they may also be involved in the synthesis of other 
polymers (Cocuron et al., 2007). The above mentioned glycosyltransferases are all localizing to the Golgi 
and work together to form xyloglucan precursors that are transported to the wall (Scheller and Ulvskov, 
2010). Another group of proteins involved in the synthesis of xyloglucans are hydrolases, which are 
believed to play a role in the modification of hemicelluloses in the wall (Minic, 2008). Xyloglucan 
endotransglycosylases cut the xyloglucan backbone and re-form a glycosidic bond with the free end of 
another xyloglucan chain, and are therefore believed to participate in the integration of newly secreted 
matrix polysaccharides into the existing network (Nishitani and Tominaga, 1992, Steele et al., 2001, 
Purugganan et al., 1997). Xylan deficient mutants such as irx9, -10, -10like and -14 suggest that the 
corresponding glycosyltransferases are responsible for the polymerisation of the xylan backbone (Brown et 
al., 2007, Brown et al., 2009, Lee et al., 2007a, Lee et al., 2007b). However, no xylan synthase activity has 
been demonstrated for any of these proteins when heterologously expressed. 
 
1.3 Cell wall signaling in plants 
As discussed above, the plant cell wall constitutes a dynamic and responsive entity that plays crucial roles 
during growth and development. Moreover, the cell wall is constantly remodelled and subjected to various 
environmental chemical and biophysical cues, being a primary target of pathogens. Therefore, the plant cell 
wall is the first defensive barrier that pathogens encounter before confronting intracellular plant defenses. 
For example, upon pathogen attack, plants often deposit callose at sites of attempted pathogen 
penetration and synthesize lignin-like polymers to strengthen the wall (Huckelhoven, 2007). PMR4, a 
callose synthase protein, has been associated with plant defense mechanisms, as pmr4 mutants exhibit 
enhanced resistance to pathogens (Nishimura et al., 2003). Primary stimuli from the cell wall have to be 
transduced and integrated with other cues in order to initiate the appropriate responses, be it the repair of 
damaged structures or the modulation of mechanical properties in the cell wall itself, or to trigger adaptive 
responses like the production of antimicrobial metabolites or the restoration of osmotic balance. 
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Therefore, it is conceivable that there is a monitoring system that reports on the status of the wall and 
triggers a cascade of cellular responses necessary to permit the controlled progression of developmental 
growth or to respond to any alterations to normal conditions, as for instance, upon pathogen attack. Such 
responses often involve a fast modulation of already existing cellular machinery by posttranslational 
modifications as well as more long-term alterations of gene expression (Figure 1.5). 
 
 
Figure 1.5 Model of the plant cell wall integrity maintenance system. Stimuli are perceived at the plasma membrane 
and translated at the transcriptional and post-translational levels as to adapt to the new conditions and trigger a 
response. Turgor pressure (ψp) is involved in the signal perception mechanism. The responses activated involve the 
secretion of proteins that contribute to the remodeling and biosynthesis of cell wall components and osmo-regulation. 
Adapted from Seifert and Blaukopf (2010). 
 
The existence of such a cell wall integrity (CWI) signaling pathway has long been inferred but only recently 
evidence has begun to accumulate supporting this hypothesis. For example, cell wall-related mutants show 
indirect physiological compensatory alterations and differential regulation of genes involved in cell wall 
biosynthesis and remodeling, and defense related genes. An example of such a mutant is cev1, which 
carries a leaky mutation in the CESA3 subunit of the cellulose synthase complex. It exhibits a stunted 
growth phenotype, ectopic lignification and an upregulation of defense genes such as the jasmonic acid 
(JA)-related VSP1 and PDF1.2, and a requirement of ethylene receptor ETR1 activity (Ellis and Turner, 2001, 
Cano-Delgado et al., 2003). Interestingly, several mutants initially identified due to altered pathogen and 
abiotic stress responses or for constitutively expressing abiotic and biotic stress markers primarily affect cell 
wall biosynthesis (Seifert and Blaukopf, 2010). cesa8/irx1, cesa7/irx3 or cesa4/irx5 mutants all exhibit 
increased resistance to both pathogenic bacteria and fungi (Hernandez-Blanco et al., 2007). In addition, 
cesa8/irx1 mutant plants were shown to be more resistant to drought, salt and osmotic stresses (Chen et 
al., 2005). On the other hand, the resistance against powdery mildew exhibited by pmr5 and pmr6 mutants 
has been shown to be independent of JA, salicylic acid (SA) or ethylene pathways. PMR5 encodes a protein 
of unknown function required for pectin production and PMR6 is a pectate lyase (Vogel et al., 2002, Vogel 
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et al., 2004). pmr4 resistance phenotype seems to be mediated by hyper-activation of SA signaling 
(Nishimura et al., 2003). Apart from mutations affecting the CESA complex also the knf cellulose deficient 
mutants show altered cellulose content and defects in cell elongation during embryogenesis. The KNF gene 
encodes an α-Glucosidase I, a protein responsible for the first step in the catalysis of N-glycan processing. 
Loss-of-function knf mutants exhibit abnormally thin epidermal cell walls with a significant reduction in 
cellulose content, while an increase in pectin amount was observed (Gillmor et al., 2002). These 
observations indicate that that the cell wall can not only perceive but also adjust to physical changes in 
their composition and structure. Also, chemical inhibitors of cellulose biosynthesis such as the synthetic 
compounds isoxaben or 2,6-dichlorobenzonitrile (DCB), or the naturally occurring thaxtomin A produced by 
the plant-pathogenic soil bacteria of the genus Streptomyces, have been used to dissect CWI signaling 
mechanisms in plants (Scheible et al., 2001, Scheible et al., 2003, Peng et al., 2001, Manfield et al., 2004, 
Hamann et al., 2009). The precise modes of action of these three compounds remain unknown. In the case 
of isoxaben, it causes overlapping responses to the ones observed by genetic analysis such as ectopic 
deposition of lignin, ROS production, increased callose deposition or enhanced JA and ethylene production, 
suggesting the existence of a canonical set of cellular responses to cell wall damage (Cano-Delgado et al., 
2003, Denness et al., 2011, Desprez et al., 2002, Ellis and Turner, 2001). In addition, further support for the 
existence of a CWI signaling mechanism comes from the intriguing observation that stunted growth and 
reduced cell elongation upon cellulose biosynthesis inhibition are responses independent of a physically 
weakened cell wall, suggesting the existence of a monitoring system that is activated in certain conditions 
such as, for instances, damage in the cell wall (Hematy et al., 2007, Tsang et al., 2011). Therefore, the 
reduced growth of many cell wall mutants is, at least to some extent, a secondary effect and can be 
considered one of the responses to cell wall damage outlined above. 
 
1.3.1 CWI signaling pathway in yeast 
Yeast (Saccharomyces cerevisiae) cells are constantly exposed to changing environmental conditions and 
developmental stages and therefore need to cope with several different stress situations. As in plants, 
yeast cells are enveloped by cell walls that protect the cells from the exterior and are therefore implicated 
in detecting environmental signals that allow cells to survive in specific conditions. In this context, yeast cell 
walls must require a dedicated mechanism to monitor and maintain their functional integrity. A specialized 
CWI signaling mechanism that is activated by developmental growth processes and stress conditions that 
cause cell wall damage  and require cell wall remodeling has been described in yeast (Levin, 2005, 
Rodriguez-Pena et al., 2010). Three different sensor systems involved in the monitoring of the functional 
integrity of the cell wall upon cell wall damage have been characterized: a MID1 CCH1 mechano-perception 
based pathway, the high osmolarity glycerol (HOG) pathway and the CWI maintenance mechanism (Levin, 
2005) (Figure 1.6). In the first pathway, it is suggested that a weakened cell wall is not capable of resisting 
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turgor pressure, therefore causing the plasma membrane to stretch and leading to an osmotic shock-like 
response. In this case, the initial signal would be a stretch-induced calcium pulse that would activate, 
through the Ca+/calmodulin-dependent protein phosphatase CALCINEURIN and CRZ1, expression of genes 
such as FKS2, which encodes a glucan synthase (Batiza et al., 1996, Garrett-Engele et al., 1995, Zhao et al., 
1998). The response to mating pheromones is an example of a situation in which cell wall deformation 
leads to ion flux changes. The mating factor induces an influx of calcium ions through the calcium channel 
CCH1 and MID1 transmembrane proteins (Paidhungat and Garrett, 1997, Locke et al., 2000). MID1 is a 
glycosylated membrane protein that induces stretch-activated calcium influx in both yeast and 
heterologous systems (Iida et al., 1994, Kanzaki et al., 1999). Gadolinium, which targets stretch-activated 
cation channels, reduces the activity of MID1, suggesting that MID1 is a bona fide stretch-activated channel 
(Kanzaki et al., 1999). 
 
The second pathway involves two different hyperosmotic stress sensors, SHO1 and SLN1/YPD1/SSK1 
(Hohmann, 2009, Posas et al., 1996). The plasma membrane localized sensor SLN1, together with YPD1 and 
SSK1, form a phosphorelay system (Posas et al., 1996). Both SHO1 and SLN1 sensors relay signals to the 
MAPKinase HOG1, which leads to activation of the transcriptional response via SKN7, which in turn induces 
FKS2 expression (Levin, 2005, Alberts et al., 1998). In conditions of low turgor pressure, SLN1 is inactivated, 
while under high-osmolarity conditions SLN1 accumulates and triggers the activation of the HOG response 
genes, leading to the biosynthesis and retention of glycerol as a compatible intracellular solute (Reiser et 
al., 2003, Luyten et al., 1995, Tamas et al., 1999). Currently, it is not fully understood why HOG1 is 
controlled by two branches. Either sensor alone can activate HOG1 response to hyperosmotic stress, but 
SLN1 appears to be more relevant as it is more sensitive to osmotic changes and is able to fully activate the 
pathway even in the absence of SHO1, whereas SHO1 activity seems to be not required for the HOG 
pathway activation in other fungi (Maeda et al., 1995, O'Rourke and Herskowitz, 2004, Furukawa et al., 
2005). 
 
A third pathway has been identified that is based on cell surface receptors acting as CWI mechano-sensors 
which inform the intracellular pathways of the cell wall state (Levin, 2005). These proteins are MID2, the 
CWI and stress response component WSC1 and their homologues MTL1 and WSC2-4 (Ono et al., 1994, Gray 
et al., 1997, Verna et al., 1997, Jacoby et al., 1998, Verna and Ballester, 1999). All these transmembrane 
proteins are characterized by the presence of a single transmembrane domain that separates a small C-
terminal domain from a large periplasmic domain rich in serine/threonine residues. These residues are the 
sites of mannose addition, which are thought to be necessary to make the proteins more rigid and extend 
them out into the surrounding wall (Ketela et al., 1999, Rajavel et al., 1999, Philip and Levin, 2001). A model 
has been proposed where damage at the cell wall or plasma membrane generates a mechanical force on 
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the extracellular region of the sensors, and the induced conformational changes would be transmitted to 
the cytosolic part of the sensors, triggering gene expression (Rodicio and Heinisch, 2010). In support of this 
hypothesis, compounds affecting either the cell wall polysaccharide composition (such as Calcofluor white 
or Congo red) or the plasma membrane (such as chlorpromazine or tea tree oil) activate the CWI pathway 
(Straede et al., 2007). Additionally, mutants with a defective mannose composition of the sensors (and of 
other secreted cell wall proteins) exhibit typical cell lysis phenotypes of CWI pathway mutants (Lommel et 
al., 2004) (see below). Among the cell surface sensors, WSC1 and MID2 seem to be the most important. 
Deletion of WSC1 results in cell lysis at elevated growth temperatures, a phenotype that is exacerbated by 
loss of WSC2 and/or WSC3 (Verna et al., 1997). Similarly to most other elements of the yeast CWI, WSC1 
localizes to sites of polarized cell growth and exhibits a constant redistribution between the plasma 
membrane and internal compartments during cytokinesis (Huh et al., 2003, Straede and Heinisch, 2007). 
The MID2 gene was isolated initially as a dosage suppressor of the growth defects associated with the 
overexpression of cyclic AMP-dependent protein kinases (Daniel, 1993). Also, mid2 was named after failing 
to survive pheromone treatment in a genetic screen (Ono et al., 1994). MID2 is uniformly distributed 
around the cell periphery, reflecting its role in mediating pheromone-induced morphogenesis, which may 
occur at any point on the surface of the cell (Ketela et al., 1999). Although WSC1 and MID2 seem to be 
essential for different functions, it is clear that they serve a partially overlapping role, since overexpression 
of WSC1 suppresses the pheromone-induced death associated with mid2 and, conversely, overexpression 
of MID2 suppresses the temperature sensitivity of wsc1 (Ketela et al., 1999, Rajavel et al., 1999). Moreover, 
a wsc1mid2 double mutant displays a severe growth defect, lysing at all temperatures in the absence of 
osmotic support (Levin, 2005). Interestingly, hybrid sensors where their extracellular regions have been 
exchanged between WSC1 and MID2 were shown to complement the phenotype of the wsc1mid2 mutant, 
suggesting that the cytosolic regions of the sensors play a major role in the specific responses to 
extracellular stresses (Straede and Heinisch, 2007). Both sensors transmit signals to the GTPase RHO1 via 
interaction with guanine nucleotide exchange factors ROM1/2. RHO1 is the master regulator of the yeast 
CWI signaling pathway as it receives major inputs from the cell surface as well as regulates a variety of 
responses involved in cell wall biogenesis, actin organization, and polarized secretion. RHO1 localizes to 
sites of polarized growth in an actin cytoskeleton-dependent manner (Ayscough et al., 1999). RHO1 signals 
to SKN7 and to MPK1/SLT2 through a MAPK cascade initiated by PKC1 (Alberts et al., 1998, Kamada et al., 
1996, Nonaka et al., 1995). 
 
Interaction between the hyper-osmotic stress activated HOG pathway and the CWI pathway has been 
suggested by observations that both are activated in several conditions such as heat shock, hyperosmotic 
stress, low pH, oxidative stress and zymolase-induced cell wall damage (Rodriguez-Pena et al., 2010). An 
example of cooperative cross-talk between these two pathways was shown by the overlap in the 
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transcriptional regulation of cell wall stress responses induced by zymolase, an enzymatic cocktail with a 
predominant β-1,3-glucanase activity (Garcia et al., 2009). Also, mutants of both CWI and HOG pathway 
elements are hypersensitive to zymolase (Alonso-Monge et al., 2001, Bermejo et al., 2008). On the other 
hand, HOG pathway mutants exhibit enhanced resistance to Calcofluor white, suggesting that depending 
on the nature of cell wall perturbation, the HOG pathway could play different co-regulating roles within the 
CWI pathway. In support of this hypothesis, cell wall stress elicited by Congo red, a compound that binds to 
chitin, activates a transcriptional response that almost completely depends on MPK1/SLT2 but not on 
HOG1, elements of the MAPK cascade of the CWI and HOG pathways, respectively (Garcia et al., 2004, 
Rodriguez-Pena et al., 2005). In contrast, in the absence of MPK1/SLT2, the hyperosmotic transcriptional 
response due to HOG1 activation is clearly increased, suggesting that the CWI pathway inhibits the HOG 
pathway (Bermejo et al., 2008, Garcia et al., 2009).  
 
In summary, CWI signaling in yeast seems to be mediated by three distinct sensor systems that may 
positively or negatively interact depending on the nature of the cell wall perturbation. This suggests the 
involvement of a complex network of coordinated signaling events and pathways that are required for 
monitoring and maintaining the functional integrity of the cell wall, and which trigger responses that can 
involve activation of gene expression required for cell wall biosynthetic processes, remodeling of the 










Figure 1.6 Schematic representation of the three different sensor systems that monitor and maintain cell wall integrity 
in yeast. Perturbation of the cell wall is perceived by several sensor proteins at the plasma membrane. The stretch-
activated channels MID1/CCH1 (blue) induce a calcium pulse upon turgor pressure variations, activating CALCINEURIN 
which leads to gene expression through CRZ1. The HOG pathway (green) is activated in hyperosmolarity conditions 
and signals through the MAPKinase HOG1, which triggers gene expression via the transcription factor SKN7. The CWI 
pathway (red) consists of the mechanosensors WSC1 and MID2 which sense mechanical stress-induced membrane 
deformation. The signals are transmitted via RHO1 and PKC1, which initiates a MAPK signaling cascade that activates 
gene expression through MPK1/SLT2.  Cell wall remodeling and cell cycle progression are controlled, in particular, by 
the glucan synthase FKS2, whose expression is induced upon cell wall perturbation by the three sensor systems. 
 
1.3.1.1 Activation of CWI signaling during developmental processes 
Apart from extrinsic cues, CWI signaling is also activated in response to developmental processes such as 
cell cycle progression. This observation comes from the finding that mpk1 mutants show additive growth 
defects with a mutant allele in CDC28, which encodes a cyclin-dependent kinase (CDK) of the cell cycle 
engine. Also, mpk1 mutants display defects in polarized growth upon exposure to mild heat shock (Mazzoni 
et al., 1993). Furthermore, CWI signaling was found to be active periodically through the cell cycle, peaking 
at the time of bud emergence, the time at which growth is most highly polarized. MPK1 activation was 
found to occur at a time coincident with bud emergence in cells synchronized by treatment with α-factor 
and, by contrast, became inactive in cells blocked in mitosis (Zarzov et al., 1996). These observations, from 
the perspective of cell wall remodeling during cell cycle progression, can be explained by the fact that when 
growth is polarized to a single site on the cell surface, the cell experiences the greatest wall stress and is 































signaling is active at times when it is most required and cyclic MPK1 activity most likely reflects the level of 
cell wall stress signalled during the different phases of the cell cycle. Consistent with this interpretation, the 
majority of the CWI pathway components follow a cell cycle dependent pattern of localization to sites of 
polarized cell growth (Levin, 2005). 
 
Parallel to what is known in plants, yeast mutants impaired in cell wall biosynthesis seem to trigger 
responses that overlap with the responses observed after chemical-induced cell wall damage, suggesting 
the CWI signaling as a general pathway under these conditions (Boorsma et al., 2004, Garcia et al., 2004). A 
putative explanation for the activation of CWI signaling upon stimulation with different environmental or 
intrinsic factors is that there is a general pathway that regulates CWI. Evidences are accumulating which 
suggest that this common mechanism is a plasma membrane stretch following variations in turgor 
pressure. MPK1/SLT2 is strongly activated upon addition of chlorpromazine, a molecule that causes 
membrane stretch by asymmetric insertion into the plasma membrane (Kamada et al., 1995). This model is 
further supported by the observation that increased extracellular osmolarity, which blocks outward plasma 
membrane stretch by neutralizing turgor pressure, prevents activation of CWI signaling by various stimuli 
(de Nobel et al., 2000, Harrison et al., 2001). Furthermore, PPZ1 and PPZ2 are protein phosphatases that 
regulate potassium (K+) homeostasis, whose intracellular concentration is a major determinant of turgor 
pressure in living cells. Mutants defective in PPZ1/2 exhibit elevated levels of intracellular K+ and display 
constitutive CWI signaling, supporting the notion that this signaling pathway may sense turgor pressure by 
monitoring plasma membrane stretch (Merchan et al., 2004). 
 
1.3.2 CWI signaling mechanisms in plants 
In comparison with yeast, the processes of CWI signaling in plants are not well characterized. Plant cell 
walls are structurally and chemically more complex than the yeast cell wall, and thus it is possible that a 
larger number of signaling events during development and interaction with the environment are present in 
plants. In recent years there has been an increasing number of findings that identified possible cell wall 
signaling molecules and sensor proteins that may be part of a CWI maintenance mechanism. Cell wall 
matrix polymers such as hemicellulose, pectin and glycoproteins show a structural complexity that is 
susceptible to modulation and remodeling during developmental processes or in response to variation in 
external conditions. To understand the plant cell wall polymers elaborate network and their biological 
functions it is important to know if stimuli affecting that structure are perceived by specific receptors. 
Additionally, as in yeast, the altered mechanical stiffness and/or turgor pressure may represent critical 
signals that trigger CWI signaling. Indeed, experiments performed in Arabidopsis seedlings demonstrated 
that osmotic support provided by the addition of sorbitol prevented the deposition of lignin in response to 
isoxaben-induced cellulose biosynthesis inhibition, suggesting that detection of cell wall damage (CWD) 
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occurs via mechano-perception and/or variations in turgor pressure (Hamann et al., 2009). Interestingly, 
ectopic lignification was dependent on the presence of either metabolizable (sucrose) or non-metabolizable 
(palatinose) hexoses, hinting at a signaling role of soluble sugar molecules in CWD perception as well. 
 
It is well established that specific cellular responses can be elicited by cell wall fragments that are thus 
considered signaling molecules (Ayers et al., 1976, Aziz et al., 2007). For instance, pectin-derived 
oligogalacturonides (OGs) with a chain length between 9 and 15 galacturonic acid residues cause changes in 
gene expression, stomatal closure, ethylene production, cell wall reinforcement and ROS production (Hahn 
et al., 1981, Moscatiello et al., 2006, Nothnagel et al., 1983, Osorio et al., 2008, Ridley et al., 2001, Simpson 
et al., 1998). Because pectin is an important target for many microbial cell wall-degrading enzymes during 
pathogenic attack, the possible roles of OGs in plant defense mechanisms have been well investigated. This 
class of elicitors that stimulates innate immunity responses has been named host-associated molecular 
patterns or damage-associated molecular patterns, in analogy to pathogen-associated molecular patterns 
(PAMPs) (Galletti et al., 2009, Zipfel, 2009). The biological activity of OGs seems to depend on their degree 
of polymerization, methylation and conformation (Seifert and Blaukopf, 2010). A role during normal plant 
development has also been described. OGs are capable of inhibiting root morphogenesis by inhibiting 
auxin-induced gene expression of ROLB in transgenic leaf explants. In parallel, expression of fungal 
polygalacturonases, enzymes that hydrolyze the homogalacturonan of the plant cell wall into OGs, leads to 
constitutively activated plant defense responses and to a reduction in sensitivity to auxin (Bellincampi et al., 
1996, Ferrari et al., 2008). However, it has not been elucidated whether OGs act during normal 
development or if the observed responses are a consequence of an altered cell wall state. 
 
Apart from their structural role, xyloglucan-derived OGs may also participate in cell wall signaling during 
developmental processes. Xyloglucan nonasaccharides (XG9s) have been shown to inhibit auxin-induced 
stem elongation in pea (York et al., 1984). This process appears to be highly specific since XG10s or XG8s 
failed to reproduce the same result. This observation suggests the existence of a XG9 receptor that is 
implicated in regulation of auxin-induced growth. However, these findings could not be confirmed in 
Arabidopsis, since the xyloglucan fucosyl transferase mutant mur2, which produces xyloglucan lacking 
fucose, does not show a visible phenotype (Vanzin et al., 2002). This result can be explained by a putative 
species dependent process or by the possibility that one of the other 10 fucosyl transferase family 
members fulfils the function in Arabidopsis. 
 
Another carbohydrate that is thought to play a role in signaling at the cell wall is xylogen, a highly 
glycosylated cell wall molecule that acts as an extracellular developmental signal (Motose et al., 2004). 
Xylogen was found to promote tracheid differentiation in vitro and, together with its paralogs, to be 
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required for normal vascular differentiation in planta. Xylogen is a hybrid GPI-anchored arabinogalactan 
protein (AGP) and nonspecific lipid transfer protein. AGPs are proteins implicated in signaling processes 
during cell proliferation and survival, pattern formation and growth, as well as plant microbe interactions 
(Seifert and Roberts, 2007). Their potential to bind to β-glycan polymers together with their plasma 
membrane localization via GPI anchors put them in a strategic position to mediate interactions between 
cell wall polymers and cell signaling. In mammalian cells, GPI-anchored proteins have been implicated in 
mediating cell-cell interactions by interacting with other proteins that contain transmembrane domains 
(Ellis et al., 2010). Although there is no available evidence, it is conceivable that GPI-anchored AGPs and/or 
their soluble forms interact with plasma membrane-bound receptor kinases or with receptors in 
neighbouring cells in plants. 
 
1.3.3 Candidate CWI sensor proteins in plants: receptor-like kinases (RLKs) 
Receptor-like kinases (RLKs) are plasma membrane sensor proteins that consist of an extracellular-binding 
domain, a single transmembrane domain and a cytosolic protein kinase domain. RLKs are considered to be 
primary candidates for CWI receptors (Figure 1.7). With more than 610 RLK genes in the Arabidopsis 
genome, they constitute the largest family of receptor-like proteins in plant genomes (Shiu and Bleecker, 
2001). It is assumed that plant RLKs and animal receptor tyrosine kinases, which posses similar domain 
organizations, share a similar mechanism of action (Hubbard and Till, 2000). The binding of an extracellular 
ligand induces a conformational alteration leading to the activation of the protein kinase activity, thereby 
initiating a cascade of subsequent signal transduction events. Among the Arabidopsis family members, 
several have been implicated in cell wall signaling, but currently it is unclear whether cell wall components 
are actual ligands of these proteins. Only the sub-family of wall-associated kinases (WAKs) has been shown 
to directly bind to a cell wall carbohydrate.  He et al. (1996) reported that WAK1 is tightly bound to a cell 
wall fraction and is specifically localized to the plasma membrane-cell wall interface. As in animals, the 
functions of plant RLKs can be divided into two categories. RLKs implicated in the regulation of growth and 
developmental processes under normal conditions include the Arabidopsis receptors BRI1, CLV1 and ER. 
These receptors are involved in brassinosteroid-mediated growth responses, control of apical meristem 
proliferation, and organ initiation and elongation, respectively (Li and Chory, 1997, Clark et al., 1993, Torii 
et al., 1996). The second category includes RLKs involved in plant-microbe interactions and stress 
responses. These include FLS2, involved in bacterial elicitor flagellin perception, and the above mentioned 
WAKs, that are linked to defense responses and cell expansion (Gomez-Gomez and Boller, 2000, Li et al., 
2009, Brutus et al., 2010, Wagner and Kohorn, 2001). The different RLK families that are possibly involved 





Figure 1.7 Receptor kinases structure. Ligand molecules from neighbouring cells or pathogen elicitors bind/are sensed 
by the extracellular domain of the receptor kinase.  The intracellular kinase domain then phosphorylates an 
intermediate protein which will ultimately lead to gene expression related to control of plant growth and 
development or defense mechanisms. Adapted from Shiu and Bleecker (2001). 
 
1.3.3.1 Wall associated kinases (WAKs) 
In Arabidopsis, there are five WAK genes arranged in a gene cluster and 17 WAK-like genes (Kohorn, 2001). 
The WAK proteins are characterized by an intracellular serine-threonine kinase domain and an extracellular 
domain with epidermal growth factor repeats (He et al., 1996, Kohorn, 2001). The extracellular domain of 
WAK proteins is covalently bound to pectic homogalacturonan and also binds noncovalently to Ca2+-cross-
linked OGs in vitro (Wagner and Kohorn, 2001, Decreux and Messiaen, 2005). However, the mechanisms by 
which WAKs interact with the cell wall are still not clarified. In a recent finding, WAK1 was shown to be the 
receptor for OGs in Arabidopsis (Brutus et al., 2010). In addition, the WAK1 extracellular domain can be 
pelleted in vitro with Ca2+-cross-linked homogalacturonan, suggesting that interaction of WAKs is not 
restricted to short fragments such as OGs (Decreux and Messiaen, 2005). WAKs appear to participate in 
sugar metabolism- and osmotic control-mediated growth as well. WAK2 has been shown to be required for 
sugar-independent growth, since growth in loss-of-function wak2 mutant plants is dependent on the 
sucrose availability in the growth media. The wak2 phenotypic  defect is rescued by adding sugar or sorbitol 
and by ectopic expression of Sucrose-6-Phosphate synthase (Kohorn et al., 2006). Importantly, WAK2 is 
necessary for normal expression of vacuolar invertase, an enzyme that hydrolyzes sucrose into glucose and 
fructose, being involved in controlling solute concentrations within the cell and therefore with a role in 
turgor pressure and cell expansion. This observation suggests a role of WAK2 in regulating the balance of 
cell wall carbohydrates, which act as energy source and as osmotically active compounds. WAKs may thus 










provide a molecular mechanism linking cell wall sensing (via pectin attachment) to regulation of solute 
metabolism, which in turn is known to be involved in turgor maintenance in growing cells. In a related note, 
WAK genes have also been implicated in cell expansion. Leaves expressing antisense constructs for WAK 
genes have reduced levels of WAK protein and exhibit a loss of cell expansion (Wagner and Kohorn, 2001). 
 
1.3.3.2 Pro-rich Extensin-like Receptor Kinases (PERKs) 
Another family of receptor-like kinases implicated in cell wall signaling is the Pro-rich Extensin-like Receptor 
Kinase (PERK). This family contains 11 members in Arabidopsis which posses a proline-rich extracellular 
domain similar to extensins. PERK1 has been shown to localize to the plasma membrane with the 
extracellular domain embedded in the cell wall like that of the WAKs (Nakhamchik et al., 2004). Anti-sense 
downregulation of PERK expression in Arabidopsis led to floral organ and growth defects while the perk13 
mutant displayed decreased cell elongation in the roots, suggesting the involvement of this gene family in 
development and cell expansion (Haffani et al., 2006, Humphrey et al., 2007). More recently, PERK4 has 
been described as being specifically required for the abscisic acid (ABA)-dependent influx of Ca2+ and for 
normal ABA sensitivity in seeds and roots. PERK4 is an active protein kinase localized to the plasma 
membrane, and its extraction from plant material is increased by pectinase treatment (Bai et al., 2009). 
 
1.3.3.3 Catharantus roseus-like Receptor-Like Kinase1-Like (CrRLK1L) family 
The family of Catharanthus roseus-like RLKs (CrRLK1L) contains 17 members in Arabidopsis, including THE1 
(Hematy and Hofte, 2008). Loss-of-function the1 mutants partially suppress the cell elongation defect and 
ectopic lignification of the cellulose-deficient mutant cesa6/prc1, without rescuing the cellulose deficiency 
(Hematy et al., 2007). This observation places THE1 as a possible component of CWI signaling in 
Arabidopsis. Moreover, a functional THE1 has been found to be required for isoxaben-induced ROS 
production and to repress JA production upon isoxaben treatment (Denness et al., 2011). Some of the 
genes upregulated in prc1 depend on THE1 signaling, including ROS-detoxifying enzymes, extensins, and a 
peroxidase, hinting at a role of THE1 in cell wall cross-linking. Also, THE1-dependent regulation of defense 
genes implicates this gene in pathogen defense (Hematy et al., 2007). Taken together, these results suggest 
the participation of THE1 in transducing the responses to cell wall perturbations. It is conceivable that 
THE1-mediated ROS production leads to the inhibition of cell growth, perhaps through cell wall cross-
linking. Other members of the CrRLK1L family such as FER and HERK1 and -2, together with THE1, have 
recently been implicated in cell wall integrity control and growth in a partially overlapping manner (Guo et 
al., 2009, Deslauriers and Larsen, 2010). These three proteins are required for normal brassinosteroid-
induced cell elongation in light and dark growth conditions. In the ovule, FER is polarly localized to detect 
pollen tube arrival and trigger its discharge, in order to restrict pollen tube growth (Escobar-Restrepo et al., 
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2007). Interestingly, fer mutants are resistant to powdery mildew infection. This observation could be 
explained by the fact that FER controls the polar localization of MLO7, whose family member MLO1 is 
known to be an integral membrane protein with seven membrane-spanning domains required for powdery 
mildew susceptibility in barley (Kessler et al., 2010, Buschges et al., 1997). Together, these findings suggest 
that both THE1 and FER can act upon developmental processes such as cell elongation during normal 
growth conditions or upon cell wall damage, reinforcing the notion that there is an overlap of signal 
perception and response mediators between the two conditions. 
 
In terms of downstream signaling mechanisms, FER has been shown to regulate RHO GTPase signaling of 
root hair development through the activation of ROPGEF guanine-exchange factors. In turn, RHO is 
required for the NADPH-oxidase dependent ROS production necessary for root hair formation (Duan et al., 
2010). On the other hand, there are no known ligands for the CrRLK1L extracellular domains. The fact that 
all family members contain one or two copies of a domain with sequence similarity to the carbohydrate-
binding malectin domain from Xenopus laevis, which binds Glc2-N-glycan in the endoplasmic reticulum, 
suggests that CrRLK1L proteins could be able to recognize carbohydrate-containing ligands (Boisson-Dernier 
et al., 2011, Schallus et al., 2008). 
 
1.3.3.4 Leu-Rich Repeat Receptor Kinases (LRR-RLKs) 
Leucine-rich repeat receptor kinases (LRR-RLKs) form the largest group among the superfamily of RLKs in 
Arabidopsis, with at least 220 members (Shiu and Bleecker, 2003). Among them, BRI1 and FLS2 have been 
shown to be receptors of ligands such as brassinosteroids and bacterial elicitor flagellin (Kinoshita et al., 
2005) (Gomez-Gomez and Boller, 2000). Another member, ER, is involved in several distinct aspects of 
development, being required for cell wall reinforcement upon fungal pathogen attack as well as for normal 
cell wall composition (Sanchez-Rodriguez et al., 2009, van Zanten et al., 2009). 
 
Two other LRR-RLKs are FEI1 and FEI2. Loss-of-function mutants fei1 and fei2 show sucrose- and salt-
sensitive anisotropic cell expansion defects, also exhibiting a severe deficiency in cellulose (Xu et al., 2008). 
In addition, fei1fei2sos5 triple mutant exhibit the same phenotype. Therefore, FEI1 and FEI2 are believed to 
act redundantly in the same pathway as SOS5, since sos5 mutants display a swollen root tip in the presence 
of moderately high salt (Shi et al., 2003). Interestingly, an inactive kinase domain of FEI1 was able to fully 
complement the fei1fei2 double mutant phenotype, showing that the kinase domain is dispensable for FEI 
function. Furthermore, Xu et al. (2008) demonstrated that the expansion defect in fei1fei2 roots is 
suppressed by inhibition of 1-aminocyclopropane-1-carboxylic acid (ACC) synthase, which synthesizes ACC 
as part of the ethylene biosynthesis pathway, but not by disruption of the ethylene response pathway. The 
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same authors provided evidence that the FEI proteins interact directly with ACC synthase, suggesting that 
FEI proteins participate in a signaling pathway that regulates cell wall function via an ACC-mediated signal, 
which could act as a novel second messenger molecule. In support of this model, simultaneous knockdown 
of multiple ACC synthase genes leads to embryonic lethality while mutants completely insensitive to 
ethylene are relatively healthy, hinting at a signaling role for ACC rather than ethylene (Tsuchisaka et al., 
2009). 
 
1.3.3.5 Leguminous L-Type Lectin RLKs (LecRKs) 
Lectins are proteins capable of binding carbohydrates and form a large family of receptor kinases, the 
leguminous L-type lectin receptor kinases (LecRKs). These proteins contain an extracellular lectin-like 
domain (Bouwmeester and Govers, 2009). There are 45 lectin LecRKs in Arabidopsis, several of which were 
found to bind peptides containing the arginine-glycine-aspartate (RGD) motif, a sequence present in 
various animal extracellular matrix proteins (Gouget et al., 2006). Addition of this peptide facilitates plasma 
membrane detachment from the cell wall during plasmolysis, suggesting a role of the identified RGD-
binding LecRKs in cell wall adhesion (Canut et al., 1998). In fact, two LecRK members were shown to disrupt 
cell wall-plasma membrane adhesions in Arabidopsis (Gouget et al., 2006). These results suggest that 
LecRKs may play a structural and signaling role at plant cell surfaces by interacting with RGD-containing 
proteins, which would function as ligands. 
 
1.3.3.6 Histidine Kinases (HKs) 
Histidine kinases (HKs) form part of a two-component system consisting of a membrane-bound histidine 
kinase (HK) acting as environmental sensor and a phospho-relay system to translate the signal generated 
(Romir et al., 2010). They are present in bacteria, amoeba, yeast and plants and act as sensors of 
environmental and intrinsic stimuli. There are eight HKs identified in Arabidopsis which have been 
implicated in ethylene signaling (ETR1 and ERS1), osmosensing (AHK1), cytokinin receptors (AHK2, AHK3 
and AHK4/CRE1), megagametophyte development (CKI1), salt sensitivity and resistance against bacterial 
and fungal infection (AHK5) (Gamble et al., 2002, Urao et al., 1999, Kakimoto, 1996, Kakimoto, 2003, Inoue 
et al., 2001, Pischke et al., 2002, Pham et al., 2012). In addition, several HKs have been shown to participate 
in responses to abiotic stresses such as temperature, salt, changes in osmolarity and drought (Jeon et al., 
2010, Zhao and Schaller, 2004, Tran et al., 2007, Wang et al., 2008b, Wohlbach et al., 2008, Tran et al., 
2010). Interestingly, AHK4/CRE1 has been shown to rescue the mutant phenotype of the sln1 osmosensor 
yeast mutant in a cytokinin dependent manner, suggesting that it also can act in osmosensing-related 
processes (Inoue et al., 2001). 
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1.3.4 Mechanosensitive Receptors and Ion Channels 
As in yeast, mechanosensing and its downstream responses in plants are thought to be involved in sensory 
complexes containing Ca2+-permeable mechanosensitive channels. As discussed earlier, the plasma 
membrane is mechanically connected to the cell wall by turgor pressure, so a plasma membrane stretch 
due to variations in turgor pressure may be a general mechanism to report cell wall integrity and 
performance to the cell interior. Possible candidates to perceive such a signal are the relatives of the 
mechanosensitive channel of small conductance (MscS), a well-characterized protein that serves to protect 
E. coli from osmotic shock (Levina et al., 1999). MscSs are thought to mediate the perception of pressure, 
touch and sound in bacterial and animal systems (Kung, 2005). There are ten MscS-like (MSL) proteins in 
Arabidopsis, including MSL9 and MSL10 which are necessary for plasma membrane stretch-induced ion 
conductance in root protoplasts (Haswell, 2007, Haswell et al., 2008). However, despite these results, a role 
in plant growth and the specific substrate ion of the MSL channels remain obscure.  
 
The strongest evidence supporting similarities between the yeast and plant cell wall integrity maintenance 
systems is the identification of a stretch-activated calcium channel that upon mechanical stimulation 
promotes calcium influx (Nakagawa et al., 2007b). The protein is encoded by MCA1, and despite being 
functionally similar it is structurally and mechanistically very different from the yeast protein MID1, 
showing no significant similarity to ion channel proteins and having only 10% identity and 41% similarity to 
MID1. As mentioned before, mca1 mutants fail to grow on hard agar media, suggesting that MCA1 is 
involved in an aspect of mechanosensing. Results from overexpression studies of MCA1 suggested that 
MCA1 mediates calcium uptake across the plasma membrane upon mechanical stimulation. In addition, 
MCA1 appears to function independently since it is able to complement the yeast double mutant mid1cch1. 
In Arabidopsis, MCA2 is the only paralog of MCA1. It has been shown to complement a calcium uptake 
deficiency in mid1cch1 but does not seem to have a role in mechanosensing responses since mca2 mutants 
could normally sense the hardness of agar medium (Yamanaka et al., 2010). 
 
1.3.5 Other candidate proteins involved in cell wall signaling 
Apart from RLKs and MscSs, other candidate proteins have been identified that might be involved in CWI 
signaling in plants. Formin proteins participate in the organization of actin microfilaments in Arabidopsis. 
The plasma membrane localized ATFH1 has been shown to form a bridge between the actin cytoskeleton 
and the cell wall, with which it interacts through an extracellular extensin-like domain (Martiniere et al., 
2011). This finding suggests that, similarly to the integrin mechanosensors in mammalian cells, ATFH1 could 
directly connect the cell wall and the cytoskeleton. NDR1, a transmembrane protein that is required for 
disease resistance against bacterial and fungal pathogens, shares structural homology with integrins, 
proteins involved in adhesion and signaling in mammalian cells (Century et al., 1995, Coppinger et al., 2004, 
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Knepper et al., 2011). Knepper et al. (2011) have shown that plasmolysis in ndr1-1 mutants results in the 
complete detachment of the plasma membrane from the cell wall, yielding spherical protoplasts with no 
remaining attachments, i.e., a convex plasmolysis as opposed to a concave plasmolysis in wild-type. The 
authors suggest a role for NDR1 both in regulating primary cellular functions in Arabidopsis through 
maintaining the integrity of the cell wall-plasma membrane connection and as a critical signaling element of 
the responses upon pathogen attack. 
 
1.3.6 Downstream signaling processes involved in the response to CWD 
Evidence is accumulating that suggests the participation of ROS, Ca2+ and phytohormones such as JA, 
ethylene and SA in translating the cell wall damage signal downstream. As mentioned before, defense 
signaling pathways have been shown to be activated by cell wall damage or in cellulose deficient mutants. 
For example, cev1 exhibits increased levels of ethylene and JA, while in the callose synthase mutant pmr4 
SA signaling is induced (Ellis and Turner, 2001, Nishimura et al., 2003). Also, treatment with isoxaben causes 
JA and SA synthesis induction (Hamann et al., 2009). Interestingly, the signaling mechanisms involved in the 
response to damage in secondary cell walls appear to be distinct from the ones implicated in the primary 
cell wall. Mutations in IRX1/CESA8, IRX3/CESA7 and IRX5/CESA4 impair cellulose biosynthesis during the 
formation of secondary cell walls and cause increased resistance to the soil borne bacterium Ralstonia 
solanacearum and the necrotrophic fungus Plectosphaerella cucumerina, whereas mutations affecting 
primary cell wall formation do not exhibit resistance to the same pathogens (Hernandez-Blanco et al., 
2007). Moreover, the enhanced resistance observed in the former was shown to be independent of JA, SA 
and ethylene based signaling mechanisms. These differences could be caused by differences in cell wall 
structure. Additionally, expression profiling experiments and genetic analysis using ABA mutants has 
suggested that ABA is involved in the developmental and pathogen resistance phenotypes in the irx 
mutants, although it is not clear whether ABA involvement is direct or a secondary effect caused by water 
stress due to defects in xylem cell wall formation (Hernandez-Blanco et al., 2007). 
 
In addition, sugar molecules such as glucose and sucrose can act as intracellular signals independently from 
their metabolic role (Hanson and Smeekens, 2009). In plants, sugar signaling is involved in the regulation of 
growth and signal transduction processes, having been shown to participate in cell wall signaling as well. 
The cell wall matrix structural mutants mur4, -3 and -1, lacking the arabinose synthesis MUR proteins, are 
sugar-hypersensitive, suggesting a link between cell wall performance and sugar signaling (Li et al., 2007). 
In addition, as referred earlier, glucose and sucrose are required for the ectopic lignification response upon 
isoxaben treatment. Interestinlgy, this observation is not related to the hexoses metabolism since 
metabolically inactive glucose and sucrose exhibit the same effect (Hamann et al., 2009). 
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1.3.6.1 Ca2+ and ROS 
The available data suggest overlap between CWI signaling in developmental processes and response to cell 
wall damage, as Ca2+ and ROS signaling processes are involved in both situations. As discussed before, 
during root hair growth, an oscillatory pattern that reflects bursts of cell wall expansion is observed 
alongside with similar variations in Ca2+, ROS and extracellular pH (Monshausen et al., 2007, Monshausen et 
al., 2008, Takeda et al., 2008). These observations can be explained by assuming that rapid cell wall 
expansion is perceived at the plasma membrane, causing an elevation in intracellular Ca2+ followed by the 
production of ROS and alkalinisation of the apoplast. In this case, cell wall expansion might be limited by 
the Ca2+ signal. In support of this interpretation, suppression of both Ca2+ and ROS production lead to cell 
burst (Foreman et al., 2003, Monshausen et al., 2008). Ca2+ fluxes might initially be stimulated by mechano-
sensitive channels that respond to increased membrane stretch during cell wall growth. Also, during cell 
wall damage induced by Yariv reagent, which binds to AGP proteins, a rapid increase in intracellular Ca2+ is 
triggered (Pickard and Fujiki, 2005). 
 
The ROS signaling network is evolutionarily conserved across all aerobic organisms, where ROS serve as 
signal transduction molecules to regulate a diverse set of biological processes such as growth and 
development and response to biotic and abiotic stimuli (Mittler et al., 2011). Key players in the network of 
ROS producing enzymes are the transmembrane RBOHs, a type of NADPH oxidase enzymes. There are ten 
RBOH genes in Arabidopsis and all exhibit the same domain structure, with a core C-terminal region that 
contains the transmembrane domains and the functional oxidase domain responsible for superoxide 
generation, and an additional N-terminal regulatory region where Ca2+-binding and phosphorylation 
domains are present (Mittler et al., 2004, Suzuki et al., 2011). RBOH-derived ROS has been linked to plant 
defenses in response to pathogen attacks, often in association with the hypersensitive response, and to 
regulation of signaling responses upon abiotic stresses such as heat, drought, cold, high-light intensity, 
salinity or wounding (Torres et al., 2002, Proels et al., 2010, Kwak et al., 2003, Miller et al., 2009). 
Frequently, the same RBOH regulates multiple functions; for example, RBOHD, the most highly expressed 
Arabidopsis NADPH oxidase, is involved in mediating processes such as pathogen responses, stomatal 
closure or systemic signaling in response to abiotic stresses. Importantly, RBOHD has been shown to be 
required for ectopic lignification caused by treatment with the cellulose biosynthesis inhibitor isoxaben in 
Arabidopsis, implicating ROS signaling in the response to cell wall damage (Hamann et al., 2009). Moreover, 
the addition of DPI, which is an inhibitor of flavin-containing ROS-generating enzymes like NADPH oxidases, 
reproduced the absence of lignin deposition in rbohD mutants, reinforcing the notion that ROS are essential 
for isoxaben-induced lignification (Denness et al., 2011). In addition, changes in the gene expression levels 
upon treatment with H2O2 show a considerable overlap with the ones detected upon isoxaben-induced cell 
wall damage (Duval and Beaudoin, 2009). Interestingly, an interaction between ROS, Ca2+ and JA signaling 
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has been observed. JA production following isoxaben addition is inhibited by ROS, as shown by the JA 
increase in rbohD mutant. A similar effect is detected in wild-type seedlings exposed to DPI, while addition 
of methyl-jasmonate (MeJA), a precursor of JA, represses ROS production (Denness et al., 2011). These 
results support an inverse relationship between JA and ROS in a negative feedback loop, which seems to 
regulate lignin production in response to CWD (Figure 1.8). Furthermore, early additions of DPI and Ca2+ 
antagonists such as Lanthanum chloride prevented later production of JA and ROS, while their delayed 
addition only suppressed ROS production, allowing late stage JA synthesis. These observations suggest that 
cell wall damage response is regulated in two distinct phases where different Ca2+-dependent signaling 
cascades mediate late stage ROS and JA production. This type of biphasic ROS response is similar to what is 
observed in plant-pathogen interactions, hinting at a possible common mechanism between the response 
to cell wall damage and microbial infection (Lamb and Dixon, 1997). 
 
Figure 1.8 Model summarizing the two-phase response to cell wall damage (CWD). CWD induces ROS and Ca
2+
 
production in an early stage, which activates ROS signaling genes (purple) and putative Ca
2+
 signaling genes (blue), 
respectively. JA-related genes (green) are involved in the late stage of the response, which in this model is the 
deposition of lignin. Adapted from Denness et al. (2011). 
 
1.3.6.2 ACC as a signaling molecule 
As discussed earlier, recent studies suggest that ACC may participate in cell wall damage signaling as a 
second messenger molecule (Xu et al., 2008). Recent experiments performed on the root elongation zone 
of Arabidopsis further support this hypothesis (Tsang et al., 2011). As pointed out above, ACC is converted 
into ethylene in the ethylene biosynthesis pathway. It is known that ethylene has a role in cell elongation, 
as seedlings germinated at high ethylene concentrations have short roots (Benkova and Hejatko, 2009). 
Developmental studies suggest that ethylene and/or ACC affect root growth primarily by inhibiting the 
rapid expansion of cells leaving the root meristem to the elongation zone (Le et al., 2001). Although it has 
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been shown that ethylene interacts with auxin to prevent cell expansion, the precise mechanism of how 
ethylene exerts its effect to inhibit cell expansion is not known (Swarup et al., 2007, Ruzicka et al., 2007). 
More recently, Tsang et al. (2011) showed that ACC and isoxaben inhibit cell elongation in less than one 
hour after their addition. The authors used inhibitors of ACC synthase (AVG and AOA) and inhibitors of ACC 
oxidase (AIB) in combination with isoxaben, and all inhibitors restored cell elongation to levels equivalent 
to seedlings not exposed to isoxaben. However, ein3eil1, a double mutant of ethylene receptors, did not 
show sensitivity to isoxaben- and ACC-induced cell elongation inhibition, indicating that ethylene 
perception is not required for cell elongation inhibition. In addition, bacterial flagellin reduced cell 
expansion within 5 h to about the same level as isoxaben at 3 h. This reduction, too, was sensitive to AIB 
and 7303, another inhibitor of ACC synthase (Tsang et al., 2011). These results show that root elongation is 
rapidly controlled via ACC biosynthesis in response to distinct sources of stress. Furthermore, these 
observations suggest that despite the reduced cellulose content upon isoxaben treatment, cell elongation 
can still proceed, highlighting the notion that reduced cell elongation during cell wall damage is not a mere 
biophysical effect of the weakened cell wall and is regulated by a signaling process. Interestingly, the short-
term cell elongation inhibition upon isoxaben addition was shown to be dependent on auxin signaling 
processes and partially dependent on basipetal auxin transport, as indicated by the restoration of cell 
elongation despite isoxaben or ACC addition in the presence of an auxin receptor antagonist. Moreover, 
ROS was also found to be essential for inhibition of cell elongation as suggested by the restoration of 
normal cell length in the presence of DPI. Noteworthy, ACC signaling in the proposed FEI pathway is 
upstream of cellulose synthesis inhibition, whereas in the isoxaben-induced cell elongation inhibition 
process ACC seems to play a role downstream of cell wall damage. Therefore, the role of ACC signaling 
remains to be clarified. 
 
1.4 Isoxaben-induced cell wall damage 
Isoxaben (N-3[1-ethyl-1-methylpropyl]-5-isoxazolyl-2,6, dimethoxybenzamide) (Figure 1.9) is a broad-leaf 
herbicide compound that is extremely toxic to dicotyledonous plants, with an I50 for Arabidopsis of 4.5 nM 
(Heim et al., 1989). It has been shown to specifically inhibit the incorporation of glucose units into the acid 
insoluble cell wall fraction at nanomolar concentrations, while no effect on protein synthesis has been 
observed (Heim et al., 1990a). Thus, it has been proposed to be a specific inhibitor of cellulose biosynthesis 
(Heim et al., 1990b, Coriocostet et al., 1991). Isoxaben treated cells of sensitive species fail to elongate 
normally and consequently grow isodiametrically, suggesting that isoxaben acts on primary cell wall 
formation (Lefebvre et al., 1987). Analysis of the effects of the compound on the polysaccharide 
composition of cell walls and other aspects of plant physiology has led to the proposal that the herbicidal 
action of isoxaben can be explained entirely by its effect on cellulose biosynthesis (Heim et al., 1991). Two 
isoxaben-resistant loci, IXR1 and IXR2, have been described in Arabidopsis, and exhibit 300 and 90 times, 
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respectively, more resistance to isoxaben than wild-type plants (Heim et al., 1989, Heim et al., 1990a). The 
ixr mutations appear to directly affect the herbicide target since resistant lines show no alterations in 
uptake or detoxification of the herbicide, although the exact mechanism is not known (Heim et al., 1991). 
The IXR genes were found to encode the subunits of the cellulose synthesis complex CESA3 and CESA6, 
respectively (Scheible et al., 2001, Fagard et al., 2000). More recently, and as mentioned above, it has been 
reported that isoxaben clears CESA6::YFP fusion proteins from the plasma membrane (Paredez et al., 2006). 
Taken together, these observations suggest that isoxaben specifically inhibits cellulose biosynthesis by 
affecting the CESA complex, even though the precise mechanism of its action is not known. In this context, 
several studies have used isoxaben to induce cellulose biosynthesis inhibition (CBI) in order to investigate 
cell wall biosynthesis processes, physiological aspects such as the carbohydrate metabolic flux, or the 
signaling mechanisms involved in the responses to CWD in plants (Manfield et al., 2004, Paredez et al., 
2006, Wormit et al., 2012, Hamann et al., 2009, Denness et al., 2011, Tsang et al., 2011). 
 
 
Figure 1.9 Isoxaben chemical structure. Adapted from DeBolt et al. (2007). 
 
As discussed before, isoxaben addition results in different responses such as bulging of epidermal cells in 
roots, ectopic lignification, JA, SA and ROS production, activation of the defense-related genes VSP1 and 
PDF1.2, and lesion formation and callose deposition in cotyledons (Ellis and Turner, 2001, Cano-Delgado et 
al., 2003, Hamann et al., 2009, Denness et al., 2011). Experiments performed by Hamann et al. (2009) 
described several phenotypical, physiological and transcriptomic changes in isoxaben-treated Arabidopsis 
liquid-grown seedlings. Microarray based gene expression profiling of seedlings subjected to treatment 
with isoxaben revealed a coordinated transcriptional response that was initiated by four hours after 
isoxaben addition. Expression of defense-related genes such as VSP1, PAD4 and RBOHD/F was induced. The 
observation that isoxaben led to bulging of expanding epidermal root cells suggests that isoxaben-induced 
CBI mimics the effects of a hypo-osmotic shock. In support of this hypothesis, expression of drought-stress 
response genes such as TCH4, ERD1 and RD26 was activated as well. Additionally, expression of aquaporin 
genes such as TIP2;3 and PIP2;4, whose proteins are involved in water transport and have been shown to 
be downregulated by drought stress, were shown to be downregulated by CBI in liquid culture grown 
seedlings (Alexandersson et al., 2005). Also, expression of expansin-encoding genes implicated in cell wall 
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loosening was reduced as well, whereas activation of genes involved in metabolism of lignin and neutral 
cell wall sugars such as CCR7-LIKE, OPCL1 and UXE4 was detected. The cellulose content in 36 hours 
isoxaben-treated seedlings was shown to be reduced, while the levels of uronic acids, which constitute part 
of the cell wall pectins carbohydrates, increased. An elevation in the content of the hemicellulose 
component arabinose was detected, while galactose was reduced. As mentioned earlier, all these 
responses were dependent on the presence of hexose sugars, and prevented by providing osmotic support 
with sorbitol or mannitol in a concentration dependent manner. The latter observation suggests that 
variations in turgor pressure are directly involved in the activation of the responses to cell wall damage, 
and that changes in turgor pressure may be sensed by specific mechano-sensor proteins. As discussed 
previously, a plasma membrane stretch and/or displacement relative to the cell wall could also be the 
mechanism responsible for triggering cell wall damage perception in a mechano-sensitive dependent 
manner. 
 
Additionally, the expression of several genes involved in photosynthesis and starch metabolism appeared 
to be downregulated upon isoxaben treatment. Recently, Wormit et al. (2012) confirmed these results by 
showing downregulation of photosynthetic genes (CPN60B, GAPB, LHCB3 and DPE1) and starch metabolism 
genes (ISA2 and GWD1) 4 hours after the addition of the inhibitor. Interestingly, expression of the same 
genes upon CBI in mutants of MCA1, RBOHDF and CRE1 did not change, implicating these genes in 
mediating the changes in transcript levels induced by isoxaben. Also, the same alterations in gene 
expression were prevented by providing osmotic support with PEG or sorbitol. Moreover, a significant 
reduction in Rubisco activase upon isoxaben treatment was observed, supporting the observation that 
photosynthesis related genes expression is reduced. The same authors analysed the effect of isoxaben on 
the primary metabolism by investigating the metabolic flux of soluble sugars and starch. After 8 hours of 
isoxaben addition, the levels of sucrose uptake were reduced in comparison to the mock-treated samples, 
whereas metabolic flux to starch was slightly increased and flux to the cell wall slightly decreased, 
suggesting a redistribution of carbohydrate molecules. A time-course experiment revealed that the soluble 
sugars content did not transiently increase in the isoxaben treated samples as much as in the mock treated 
seedlings, whereas the opposite was observed for starch. Previously, it has been shown that starch 
contents upon CBI are increased, while reduced starch levels and thicker cell walls have been described in 
leaves of the pea mutant rug3 (Peng et al., 2000, Harrison et al., 1998). These results suggest that a 
dedicated regulatory mechanism coordinates cellulose and starch biosynthesis, which may compete for the 
same carbon source, resulting in an inverse relationship between their amounts. Importantly, supplying 
osmotic support reduced the isoxaben-induced effect on glucose, sucrose and starch in a concentration 
dependent manner, showing that carbohydrate distribution upon CBI can be neutralized by osmotic 
support. Additionally, this osmotic support-based suppression of isoxaben-induced metabolic changes but 
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not the isoxaben-induced changes was shown to be dependent on MCA1, RBOHDF and CRE1, suggesting 
that two different signaling mechanisms exist. One would coordinate the activity of cellulose biosynthesis 
with primary metabolism and photosynthesis and the other would consist of a turgor pressure sensitive 
mechanism that can modify carbohydrate metabolism. The latter hypothesis is in agreement with the 
possibility that, as mentioned before, CWI signaling in response to cell wall damage is mediated by turgor 
pressure. 
 
1.5 Summary  
In yeast, depending on the nature of the cell wall perturbation, different pathways interact in a complex 
network of signaling events in response to CWD, leading to activation of gene expression. The different 
pathways are involved in mechano-sensing, detecting variations in osmolarity conditions and cell wall 
damage. It is conceivable that, in plants, due to the more elaborate composition and structure of the cell 
wall, and because of their higher organismal complexity, a larger number of sensor proteins and signaling 
processes are implicated in the responses to CWD that lead to cell wall remodeling and cell cycle 
regulation. Although the current knowledge is still limited, recent research has started to provide insights 
into how plant CWD is perceived and the signaling mechanisms involved in this process. It has become clear 
that plant cell walls can sense variations in normal conditions and adjust their composition and structure. 
The existence of a dedicated CWI signaling mechanism that is activated in certain conditions is suggested by 
observations that processes such as cell elongation inhibition upon CWD are independent of a cellulose 
deficient weakened cell wall. Importantly, the available evidence suggests that developmental processes 
involving cell wall growth and responses to CWD are regulated by overlapping signaling mechanisms as 
demonstrated by the implication of calcium and ROS in both situations, and the observation that the same 
proteins (THE1) act in cell elongation events during normal growth or upon CWD. Additionally, different 
sources of stresses such as cellulose biosynthesis inhibition or pathogen attacks that induce CWD create 
similar responses to the ones detected in cell wall mutants, such as lignin deposition, ROS production, and 
increases in JA and ethylene hormone levels. Together, these observations hint at the existence of a 
canonical set of responses to CWD. A common mechanism implicated in the activation of these responses 
could be a plasma membrane stretch caused by variations in turgor pressure at the cell wall. This 
hypothesis is supported by the absence of the typical CWD responses upon isoxaben addition if osmotic 
support is provided. Furthermore, a mechano-sensing mechanism may be important in detecting 
alterations in turgor pressure levels, as suggested by the involvement of stretch activated calcium channel 





1.6 Objectives of the proposed PhD project 
Microarray based gene expression profiling of isoxaben treated seedlings performed by Hamann et al. 
(2009) identified six genes that were transiently regulated during the first 12 hours of cellulose biosynthesis 
inhibition (CBI) (Figure 1.10). This observation suggests that these genes encode proteins that may be 
involved in the early response to isoxaben-induced cell wall damage. Supporting this hypothesis, expression 
of the same genes was not activated in isoxaben resistant (ixr1-1) seedlings (Figure 1.11). 
Among the six transiently regulated genes, AT3G16720, also referred to as ATL2, and AT5G43450 exhibited 
the highest level of activation upon isoxaben treatment and were therefore selected. This study aims to 
characterize the biological function of both genes. To achieve that, molecular tools were developed to 
investigate the gene expression pattern and sub-cellular localization of the target proteins. Also, knock-out 
mutants of each gene were used in phenotypical assays targeted to the isoxaben-induced changes, such as 
lignin deposition, JA production, soluble sugars and starch metabolism or sensitivity to the chemical. Gene 
specific experiments were designed to further characterize the biological function of both genes. The 
involvement of hormones such as JA, ethylene and ABA in the regulation of ATL2 and AT5G43450 and the 
involvement of both genes in cell cycle regulation were determined. Additionally, the susceptibility to 
infection with a bacterial pathogen of knock-out mutants of ATL2 was assessed as well. The involvement of 
AT5G43450 in responses to abiotic stress such as salt, drought and osmotic stress was analysed, as well as 
its role in cell elongation processes during the response to CWD. Chapter 3 describes the generation of 
knock-out mutants and complementation, promoter-reporter and overexpression constructs for both 








Figure 1.10 Microarray expression profiling data of the isoxaben time-course treatment performed on 6-d old wild-





Figure 1.11 Microarray expression profiling data of the isoxaben treated 6-d old ixr1 (isoxaben resistant 1) seedlings 

















































































2 Materials and Methods 
 
2.1 Bioinformatics 
The Arabidopsis Information Resource (TAIR) database (Lamesch et al., 2010) 
(www.arabidopsis.org/index.jsp) was used to investigate annotated gene function, and as a source of 
nucleic acid sequences for the purposes of primer design for cloning, and sequence alignments. The 
Uniprot database (Bairoch et al., 2005) (www.uniprot.org/) was used to analyse protein amino acid 
sequence and structure. The Basic Local Alignment search Tool (BLAST) of UniProt was used to perform 
gene homology searches. The presence of transmembrane domains was assessed by using the SVMtm 
Transmembrane Domain Predictor (Yuan et al., 2004) (ccb.imb.uq.edu.au/svmtm/SVMtm_Predictor.shtml). 
Genotyping primers sequences were obtained from The Salk Institute Genomic Analysis Laboratory 
(SIGnAL) (signal.salk.edu/cgi-bin/tdnaexpress). Nucleic acid sequence alignments were performed by using 
ClustalW2 software (Chenna et al., 2003) (www.ebi.ac.uk/Tools/msa/clustalw2/) with default settings. The 
Genevestigator database (Hruz et al., 2008) (www.genevestigator.com/gv/index.jsp) was used to 
investigate gene expression pattern during development. The presence of cis-acting regulatory elements in 
the promoter regions of the target genes was analysed by using the Arabidopsis Gene Regulatory 
Information Server (Agris) database (Yilmaz et al., 2011) (arabidopsis.med.ohio-
state.edu/publications.html). The excitation and emission spectra of fluorescent reporter proteins and 




Unless otherwise stated, all chemicals were obtained from Sigma-Aldrich, Thermo Fisher Scientific or Acros 
Organics. 
 
2.3 General methods for growth of plants 
2.3.1 Plant lines and growth of plants 
Arabidopsis thaliana Columbia ecotype (Col-0) seeds were available in the host lab. T-DNA insertion Salk 
lines were obtained from SIGnAL. Cell cycle marker line CYCB1;1::GUS was provided by Dr. Celenza 
(DiDonato et al., 2004). For all experiments, the plant lines, including the generated complementation, 
promoter-reporter and overexpression lines, were grown in 9 cm compost pots in a Fitotron growth 
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chamber (Gallenkamp PLC, UK) under a 16/8 hour-day-cycle, fluorescent light irradiance 130-175 µmol m-2 
sec-1, 60% relative humidity at 21-23 °C, unless otherwise stated.  
 
2.3.2  Tissue culture in liquid media 
50 mg of seed were surface sterilized by washing with 70% ethanol for 5 min and then 50% bleach for 5 
min. Several washing steps with sterile water were performed subsequently and 1 ml of sterile distilled 
water (SDW) was added in the end. Seeds were grown in sterile conditions in 125 ml of half-strength 
(0.21%) Murashige-Skoog (MS) media, 2.6 mM MES, (pH 5.7), supplemented with 1% sucrose, shaking at 
135 rpm for 6 days. For the time-course isoxaben treatment, on day 6 the medium was replaced by fresh 
medium and cultures were treated with 600 nM isoxaben (Fluka) (this concentration was determined based 
on previous experiments performed by Hamann et al. (2009) and Denness et al. (2011)) dissolved in DMSO 
and placed back on the shaker. For the time-course MeJA treatment, 200 µM MeJA (Sigma) dissolved in 
DMSO was used. DMSO was used for mock controls. Approximately 50-100 mg of fresh tissue was 
harvested at the necessary time-points, and either placed in 70% ethanol (for lignin deposition assay) or 
washed in SDW, blot dried in tissue paper, wrapped in aluminium foil, immediately frozen in liquid nitrogen 
and stored at -80°C (for RNA, soluble sugars and starch and phytohormones extraction). 
 
2.3.3 Tissue culture in solid media 
Seeds were surface sterilized as above and placed on half-strength MS, 2.6 mM MES, (pH 5.7), 
supplemented with 1% sucrose and 1% agar. For root length assays, treatment with auxin, AIB, AgNO3, 
abiotic stress treatments and generation of material for microscopy, seedlings were grown vertically in 
square plates. Auxin (IAA) (Sigma), AIB (Sigma) and AgNO3 were prepared in SDW at a stock concentration 
of 1 mM, 1 M and 20 mM, respectively, and sterilized by passing the solution through a 0.42 µm filter 
before adding it at the different concentrations used after autoclaving the media. MeJA was dissolved in 
DMSO at a 50 mM concentration; ABA (Sigma) was dissolved in ethanol at a 10 mM stock concentration; 
both were added to the autoclaved media. For the abiotic stress treatments, NaCl, KCl, mannitol and 
sucrose were added when preparing the media at the different concentrations used. Root length 
measurements were performed using ImageJ software. For selection of transgenic plants, petri dishes with 
the same media supplemented with the appropriate antibiotics were used, and approximately 100 surface 
sterilized seeds were resuspended in sterile 0.1% agarose and plated onto the media. In all cases plates 
were sealed with micropore 3M tape (VWR) and stratified for two days at 4:C before being placed in the 




2.4 Molecular methods 
2.4.1 Genomic DNA extraction 
Small leaves were collected from growing plants (1-2 weeks old) and macerated in microcentrifuge tubes 
with plastic grinders. 400 μl extraction buffer (200 mM Tris-HCl (pH 7.5), 200 mM NaCl, 25 mM EDTA, 0.5% 
SDS) was added and the samples were vortexed for 15 s. Centrifugation at 13000 rpm at room temperature 
(RT) was performed for 1 min and 300 μl of the supernatant was transferred to a new microcentrifuge tube. 
300 μl isopropanol was added and samples were centrifuged at 13000 rpm for 5 min at RT. The supernatant 
was discarded and pellet was washed in 1 ml 70% ethanol followed by centrifugation for 1 min, in the same 
conditions as above. The supernatant was discarded and tubes were left inverted on paper towel on the 
bench to air-dry for 5 min. The pellet was dissolved in 100 μl SDW. Samples were stored at -20:C. 
 
2.4.2 Plasmid DNA purification 
For cloning and to verify the presence of the cloned fragments, 3-5 ml LB cultures containing the 
appropriate antibiotics were inoculated with the desired colonies and grown overnight at 37°C, 250 rpm. 
Plasmid DNA was purified from the grown cultures using the QIAprep Spin Miniprep Kit (Qiagen) according 
to the manufacturer’s instructions. Plasmid DNA concentration was measured using a Nanodrop ND-1000 
(Labtech). 
 
2.4.3 PCR, DNA gel electrophoresis and DNA gel extraction 
Standard polymerase chain reactions (PCR) for T-DNA insertion lines genotyping, colony PCR and 
confirmation of the presence of cloned fragments were performed using DreamTaq DNA polymerase 
(Thermo Scientific) and set up in a 25 μl reaction volume with the following conditions:  
 
Reagent       Volume  Final concentration 
10 X DreamTaq polymerase buffer (2.5 mM MgCl2)  2.5 μl  1 X (250 μM MgCl2) 
dNTP’s (2 mM) (Sigma)      2.5 μl  200 μM 
Forward primer (10 μM)     2.5 μl  1 μM 
Reverse primer (10 μM)     2.5 μl  1 μM 
DreamTaq polymerase (5 U/ μl)    0.13 μl  0.026 U/μl 
Template DNA       1-2 μl 




For genotyping of T-DNA insertion lines, amplification was performed using the following cycling 
conditions: initial denaturation at 94°C for 2 min followed by 35 cycles of denaturation at 94°C for 30 s, 
annealing at 57°C for 30 s and extension at 72°C for 60 s; final extension was performed at 72°C for 5 min. 
For detection of the presence of cloned fragments the following conditions were used: initial denaturation 
at 94°C for 2 min followed by 35 cycles of denaturation at 94°C for 30 s, annealing at 57°C for 30 s and 
extension at 72°C (time dependent on the fragment size – see Appendix IV); final extension was performed 
at 72°C for 5-8 min. The primers used for genotyping of T-DNA insertion lines are listed in Appendix I. The 
primers used for confirmation of the presence of cloned fragments are listed in Appendix IV. 
 
For cloning, Phusion High-Fidelity DNA Polymerase (Thermo Scientific) was used and 50 μl reactions were 
set up using the following conditions:  
 
Reagent      Volume   Final concentration 
5 X Phusion HF buffer (7.5 mM MgCl2)   10 μl   1 X (1.5 mM) 
dNTP’s (2 mM) (Sigma)     5 μl   200 μM 
Forward primer (10 μM)    2.5 μl   0.5 μM 
Reverse primer (10 μM)     2.5 μl   0.5 μM 
Phusion High-Fidelity DNA Polymerase (2 U/µl)  0.4 μl   0.016 U/μl 
Template DNA      1-2 μl 
SDW       to 50 μl 
 
Amplification was performed using the following cycling conditions: initial denaturation at 98°C for 30 s 
followed by 35 cycles of denaturation at 98°C for 10 s, annealing at variable temperature (Appendix IV) for 
30 s and extension at 72°C (time dependent on the fragment size – see Appendix IV); final extension was 
performed at 72°C for 5-8 min. The primers used for cloning are listed in Appendix IV. 
PCR products were analysed on a 1% agarose gel containing 0.2x SYBR Safe (Invitrogen), run at 100 V and 
visualized in an Ultraviolet Transluminator light with a SYBR Sage filter (Biolmaging Systems). 
PCR products were gel extracted with the MinElute Gel Extraction Kit (Qiagen) by following the 
manufacturer’s instructions. PCR products were sequenced either at the John Innes Centre Genome 




2.4.4 Gateway Cloning 
Complementation and overexpression constructs for ATL2 and AT5G43450 were assembled using Gateway 
vectors (Gateway® Cloning, Invitrogen). BP and LR reactions were performed according to manufacturer’s 
instructions. 
 
2.4.5 Restriction enzyme digest and ligation reaction 
The gel purified PCR products of ATL2 and AT5G43450 promoter fragments and the plasmid pCambia1304 
were digested at 37:C for 3 h with the restriction enzymes Bam-HI and NcoI (NEB) in 50 μl reactions in the 
following conditions: 
 
Reagent      Volume   Final concentration 
10 X NEBuffer 4      5 μl   1 X 
100 X BSA      0.5 μl   1 X 
BamHI (20 U/μl)     1.5 – 3 μl  0.6 – 1.2 U/ μl 
NcoI       1.5 – 3 μl  0.6 – 1.2 U/ μl 
DNA       15-30 μl 
SDW       to 50 μl 
 
After digest, cut products were run on a gel as before, extracted and used to perform a ligation reaction 
overnight at 4:C. The total amounts of plasmid and insert DNA reflected a ratio of 1:5 (approximately 13 ng 
of plasmid and 65 ng of insert were used). T4 Ligase (Invitrogen) was used and 20 µl reactions were set up 
in the following conditions: 
 
Reagent      Volume   Final concentration 
5 X buffer      4 µl   1 X 
Plasmid DNA      1 – 2 µl 
Insert DNA      10 – 15 µl 
T4 Ligase (5 U/µl)     2 µl   0.5 U/µl 




The total ligation reaction volume was transformed into DH5α competent cells as described below and 
positive colonies screened by PCR. 
 
2.4.6 RNA extraction 
To obtain samples for RT-PCR, total RNA was extracted using TRIZOL reagent (Invitrogen). Approximately 20 
mg of flash frozen seedlings grown in liquid culture were homogenized in liquid nitrogen with a mortar and 
pestle and 1 ml TRIZOL was added, after which incubation at room temperature for 5 min was performed. 
Samples were transferred to microcentrifuge tubes and 200 µl chloroform was added. Tubes were 
vigorously shaken by hand for 15 s and incubated at room temperature for 2-3 min. Centrifugation at 
12000 rpm at 4:C was performed for 15 min, and the upper aqueous phase was transferred into a fresh 
tube by careful pipetting. To precipitate the RNA, 500 µl isopropanol was added and samples mixed by 
inverting the tubes, followed by incubation at room temperature for 10 min. Samples were centrifuged at 
12000 x g at 4:C for 10 min and the supernatant was removed by decantation. RNA pellet was washed once 
with 1 ml 75% ethanol, mixed by vortexing and centrifuged at 12000 rpm at 4:C for 5 min. RNA pellet was 
air dried for 2-3 min and dissolved in RNase-free water. Samples were stored at -20:C. 
For Real-time PCR, RNA was extracted using the RNeasy Plant Mini Kit (Qiagen) by following the 
manufacturer’s instructions. 
For both cases, extracted RNA was digested with DNase I (Qiagen) to eliminate genomic DNA 
contamination according to the protocol indicated in the RNeasy Plant Mini Kit. RNA samples concentration 
was measured using a Nanodrop ND-1000 (Labtech). 
 
2.4.7 Reverse Transcription PCR (RT-PCR) 
The OneStep RT-PCR kit (Qiagen) was used to perform RT-PCR reactions according to manufacturer’s 
instructions. 1 µg RNA was used per 25 µl reaction as template. Primers used are listed in Appendix III-A. An 
annealing temperature of 57:C was used. 
 
2.4.8 cDNA synthesis 
RNA was reverse-transcribed into cDNA using the Quantitect Reverse Transcription Kit (Qiagen) following 
the manufacturer’s instructions. 1 µg RNA was used as template.  
 
2.4.9 Quantitative real-time RT-PCR (qRT-PCR) 
Real-time PCR reactions were performed in a 72-well rotor in a Corbett Rotorgene 3000 machine (Qiagen). 
10 μl reactions were set up using the Quantitect SYBR Green PCR Kit (Qiagen) according to the 
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manufacturer’s instructions. 0.2 ng cDNA (estimated based on the respective RNA concentrations and on a 
reverse transcription rate of 1%) per reaction was used as template. An annealing temperature of 59:C was 
used. PP2AA3 was used as the reference gene (Hong et al., 2010). Primers used are listed in Appendix III-B.  
 
2.4.10 Production of Escherichia coli DB3.1 and DH5α heat-shock competent cells 
E. coli strain DB3.1 was purchased from Invitrogen and strain DH5α was provided by Dr. Bishop (Imperial 
College). 200 ml ψB medium (20 g/L tryptone, 5 g/L yeast extract, 100 mM KCl, 34 mM MgSO4) cultures 
inoculated with overnight cultures of E. coli strains DB3.1 or DH5α were grown at 37°C, 160 rpm, until A550 
reached 0.3-0.4.  Cells were chilled on ice and centrifuged at 4°C, 2000 rpm, for 8 min. The bacterial pellet 
was resuspended in 60 ml cold TFβI (30 mM K-acetate, 50 mM MnCl2, 100 mM RbCl, 10 mM CaCl2, 15% 
glycerol (pH 5.8)) and immediately centrifuged as before. The pellet was resuspended on ice in 8 ml TFβII 
(75 mM CaCl2, 10 mM RbCl, 15% glycerol, 10 mM MOPs (pH 7)), frozen in liquid nitrogen in 100 μl aliquots 
and stored at -80°C. 
 
2.4.11 Transformation of E. coli competent cells 
Original vectors (see Table 2.1) and subsequently cloned vectors were transformed into E. coli DB3.1 
(original vectors) or DH5α (cloned vectors) competent cells by adding 1 μl plasmid DNA to 100 μl 
competent cells on ice followed by heat-shock treatment at 42°C for 45 s. Reactions were incubated in 900 
μl LB medium at 37°C, 250 rpm, for 1 h. 70-120 μl of the grown cultures were spread in LB agar plates 
containing the appropriate antibiotics and incubated overnight at 37°C.  
 
Table 2.1 Plasmids used throughout project. 
Plasmid name Bacterial resistance marker 
(working concentration) 
Source / Reference 
pDONR221 Kanamycin (50 μg/ml) Invitrogen 
pDONRZeo Zeocin (50 μg/ml) Invitrogen 
pMDC107 / 110 Kanamycin (50 μg/ml) Curtis and Grossniklaus (2003) 
pMDC110cit Kanamycin (50 μg/ml) Alex Wormit (Imperial College) 
pGWB2 Kanamycin (50 μg/ml) (Nakagawa et al., 2007a) 




2.4.12 Production of Agrobacterium tumefaciens GV3101 electro-competent cells 
A. tumefaciens strain GV3101 was provided by Dr. Bishop (Imperial College). 200 ml LB supplemented with 
25 μg/ml gentamicin and 50 μg/ml rifampicin was inoculated with an overnight culture of A. tumefaciens 
GV3101 (which carries gentamicin and rifampicin resistance markers) and grown overnight at 28°C, 160 
rpm. Cells were centrifuged at 4°C, 3000 rpm, for 15 min and resuspended in 5 ml ice cold 20% glycerol, 
after which 20% glycerol was added to make up 200 ml volume. Cells were centrifuged at 4°C, 5000 rpm, 
for 10 min and resuspended as before. The centrifugation step was repeated and cells were resuspended in 
50 ml ice cold 20% glycerol, followed by centrifugation as in last step. Supernatant was discarded leaving 2-
4 ml of resuspension solution. Cells were resuspended, frozen in 100 μl aliquots and stored at -80°C. 
 
2.4.13 Transformation of Agrobacterium tumefaciens GV3101 
Genetic constructs were transformed into A. tumefaciens GV3101 electro-competent cells by 
electroporation using the following method: 1 μl plasmid DNA was added to 50-100 μl competent cells on 
ice and the mixture was transferred to pre-chilled electroporation cuvettes. Electroporation was performed 
in a BioRad electroporator in the following conditions: 25 μF, 2.4 kV, 200 Ω. 1 ml LB was added immediately 
after electroporation and cells were incubated at 28°C for 3 h, after which they were spread in LB agar 
plates containing the appropriate antibiotics. Plates were incubated at 28°C for 2 days. Colonies were 
screened for the presence of the transformed vectors by colony PCR and PCR using the extracted plasmids 
as template DNA.  
 
2.4.14 Arabidopsis transformation 
Plants were grown as described above until they reached the flowering stage. Floral-dip transformation was 
performed as described by Davis et al. (2009). Liquid cultures of A. tumefaciens carrying the constructs 
were grown overnight at 28°C, 160 rpm, in 500 ml YEBS (1 g/L yeast extract, 5 g/L beef extract, 5 g/L 
sucrose, 5 g/L bacto-peptone, 0.5 g/L Mg2SO4) (pH 7.0) containing 50 μg/ml kanamycin, 25 μg/ml 
gentamicin and 50 μg/ml rifampicin. Silwett L-77 was added to the bacterial cultures at a final 
concentration of 0.03%. Above-ground parts of plants were dipped in 500 ml of culture for 30 s with gentle 
agitation. If a larger volume was needed for the dipping, 250 ml 5% sucrose solution was added. Plants 
were laid on their side and covered with cling film overnight, after which were placed back in the growing 




2.5 Histological observations 
2.5.1 Lignin deposition assay 
Phloroglucinol stain was used to detect lignin deposition in seedlings. A saturated staining solution of 1 
mg/ml of phlorogucinol 20% HCl was prepared and filtered. Seedlings were placed in a microscopy slide and 
the stain added to cover all the seedlings, after which were left for 2-3 min before carefully mounting with 
a coverslip. Imaging was performed using a Zeiss Axioskop 2 Plus and pictures taken with a Zeiss Axiocam 
camera. Microsoft Office PowerPoint and Microsoft Office Picture Manager were used for image 
processing. 
 
2.5.2 GUS staining 
For GUS staining, the following staining solution was used: 57.7 mM Na2HPO4 (pH 7.0), 42.3 mM NaH2PO4 
(ph 7.0), 1% Tween20, 1 mM EDTA, 1 mM K3Fe(Cn)6, 1 mM K4Fe(Cn)6.3H2O, 1 mg/ml X-Gluc (X-Gluc Direct 
UK) (dissolved in DMF). Samples were placed in 25 well plates and 3 ml GUS staining solution was added 
per well. Samples were incubated at 37:C for different periods of time. ATL2 promoter-reporter lines were 
stained for 5 h or overnight. AT5G43450 promoter-reporter lines were stained overnight. Staining for the 
experiments using the marker line CYCB1;1::GUS was performed for 40 min at 37:C and 20 min at room 
temperature. To stop the reaction, the staining solution was replaced with 70% ethanol. Pictures were 
taken with a Leica dissecting scope (Leica Microsystems) coupled with a Leica DC 500 digital camera or as 
above. Image processing was performed as described above. 
 
2.5.3 Confocal laser scanning microscopy (CLSM) 
Confocal microscopy was performed using a Leica SP5 inverted confocal microscope (Leica Microsystems). 
For sub-cellular localization experiments, 4-10-d old seedlings were used. CITRINE fluorescence was 
observed with laser excitation at 476 and 488 nm set to 100% and emission range set to 508-581 nm. For 
plasma membrane co-localisation experiments and root cell size measurements, seedlings were immersed 
in 3 µM FM4-64 (Molecular Probes, Invitrogen) staining solution for 5-10 min and observed with laser 
excitation at 488 nm set to 60-100% and emission range set to 620-690 nm. For nucleus co-localization 
experiments, seedlings were immersed in 1 µM DRAQ5 (Biostatus Limited) staining solution for 20-30 min 
and observed with laser excitation at 633 nm set to 90% and emission range set to 680-700 nm. Plasmolysis 
experiments were performed by immersing seedlings in 2.5% NaCl for 3-4 min. Pictures were captured and 




2.6 Analytical methods 
2.6.1 Phytohormones extraction and analysis 
Liquid culture grown seedlings were flash frozen in liquid nitrogen and freeze-dried for two days and 
phytohormones were extracted as described by Forcat et al. (2008). Four biological replicates of 
approximately 6.5 mg were weighed and placed in 2 ml centrifuge tubes with a tungsten bead inside. 400 μl 
of ice-cold solution A (10% methanol, 1% acetic acid) to which internal standards had been added (1 ng of 
2H6 ABA, 10 ng of 
2H2 JA and 13.8 ng 
2H4 SA) was added and samples were homogenized in the tissue lyser 
for 1 min 50 s at 25.5 Hz. 400 μl Solution A was used as the control and left on ice until the second 
extraction. Centrifuge tubes were placed on ice for 30 min and centrifuged at maximum speed (13000 rpm) 
for 10 min at 4°C. 350 μl of the supernatant was carefully transferred into fresh 1.5 ml tubes. A second 
extraction was carried out with 400 μl of solution A without IS and samples incubated on ice as above. 
Centrifugation and collection of supernatant steps were repeated and supernatant fractions pooled. 
Samples were centrifuged as above and supernatant transferred into fresh tubes. This step was repeated 
until no debris was visible. 450 μl of sample were transferred into micro glass vials and analysed by liquid 
chromatography-mass spectrometry (LC-MS/MS) using an Agilent 1100 LC coupled to an Applied 
Biosystems Q-TRAP LC-MS/MS system fitted with a Turbo Ion Spray source operating in negative mode as 
described in Forcat et al. (2008). 
 
2.6.2 Soluble sugars and starch extraction and quantification 
Plant tissue samples were freeze-dried for two days and 4 replicates of 10-15 mg aliquots were ground 
using a tissue lyser (Qiagen) at 25 Hz for 2 min in microcentrifuge tubes with metal steel beads. The tissue 
powder was suspended in 500 μl 80% ethanol and incubated at 95°C for 15 min, during which the samples 
were vortexed every 5 min. This was followed by centrifugation for 10 min at maximum speed (13000 rpm) 
and the supernatant was transferred into a new tube. The above steps were repeated once, the 
supernatants pooled and the final volume of the pooled supernatants determined. 
The pellet obtained from the soluble sugars extraction was washed twice with 500 μl 80% ethanol and 
resuspended in 500 μl of 50 mM Sodium-Acetate HCl buffer (pH 4.8), followed by autoclaving for 40 min. 
After cooling, 5 U of α-amylase and amyloglucosidase were added and samples shaken for 3 h at 37°C at 
160-200 rpm. Samples were boiled for 3-5 min in a heat block at 100°C, centrifuged for 10 min at maximum 
speed and supernatant transferred into a new tube. The protocol was repeated twice and total supernatant 
volume determined. 
To calculate the amounts of soluble sugars and starch, the NADPH amount resulting from the conversion of 
Glucose-6-Phosphate (Glc6P) to 6-Phospho-Gluconolacton was measured. This reaction is catalysed by 
Glucose-6-Phosphate-Dehydrogenase (Glc6P-DH) which reduces the added substrate NADP+ to NADPH in a 
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directly proportional manner to the amount of Glc6P (Jones et al., 1977). The enzymes Hexokinase (HK), 
Phosphoglucoisomerase (PGI) and Invertase convert glucose (Glc) into Glc6P, fructose (Frc) into Fructose-6-
Phosphate (Frc6P), and sucrose (Suc) into Glc and Frc, respectively, allowing correlating the amount of 
NADPH produced to the total amount of each sugar (Figure 2.1). Reactions were set up and mixed using: 20 
μl sample, 924μl Hepes (50 mM)-MgCl2 (5 mM) buffer (pH 7.8), 20 μl ATP (0.2 M) in 50 mM Hepes buffer 
(pH 9.0) and 20 μl NADP+ (50 mM) in 50 mM Hepes buffer (pH 9.0). 2 μl of Glc6P (0.5 U/μl) diluted in Hepes 
(50 mM)-MgCl2 (5 mM) buffer (pH 7.8) was added. Reactions were mixed and incubated for 10 min or until 
a stable baseline was achieved, and absorptions at 340 nm were measured in a spectrophotometer. The 
last step was repeated after individually adding 2 μl HK (0.5 U/μl), 2 μl PGI (0.5 U/μl), and 10μl of Invertase 
(3550 U/ml) at each time to measure glucose, fructose and sucrose, respectively. Starch content was 
measured as glucose units. 
 
 
Figure 2.1 Conversion of Sucrose (Suc) into 6-Phospho-Gluconolacton. Invertase hydrolyses Sucrose into Glucose (Glc) 
and Fructose (Frc), which in their turn are converted to Glucose-6-Phosphate (Glc6P) by Hexokinase (HK) and 
Phosphoglucoisomerase (PGI). Glc6P is then oxidized to form 6-Phospho-Gluconolacton by Glucose-6-Phosphate-
Dehydrogenase (Glc6P-DH), which uses NADP
+
 as the electron acceptor. In result, NADP
+
 is reduced to NADPH in a 
directly proportional manner to the amount of Glc6P available. 
 
2.7 Biomass measurements 
Plants were grown in standard conditions until the desired time-points. Each plant was removed from soil 
by excising the root. To determine fresh biomass, each plant was weighed individually immediately after 
harvesting. To determine dry weight, harvested plants were left overnight at 100:C and their weight 




2.8 Water loss measurements 
Similar age leaves from 5-6 weeks old plants were detached and weighed at the different time-points 
analysed. To determine water content loss, percentages of weight loss relative to the initial weight of each 
leaf were calculated. 
 
2.9 LEH measurements 
Treatments and measurements of the length of the first epidermal cell with a visible root hair bulge (LEH) 
were performed by collaborators (Dr. Nuhse, University of Manchester) as described by Tsang et al. (2011). 
4-d old seedlings were transferred to microscopic slides with a cushion of half-strength MS agar containing 
the treatment. Treatments were performed for 3 h using isoxaben or ACC at 150 nM and 100 nM, 
respectively. Roots were directly imaged with a microscope and LEH measured with the SPOT software or 
ImageJ. On each root, one to three cells could be measured with confidence, resulting in 30-50 
measurements per treatment. 
 
2.10 Biotic stress treatments 
2.10.1 Bacterial inoculation of Pseudomonas syringae pv. tomato DC3000 by leaf infiltration 
Pseudomonas syringae pv. tomato DC3000 (PstDC3000) strain was provided by Dr. Desikan (Imperial 
College) and grown in Pseudomonas Agar F Base (Merck) solid medium containing 50 μg/ml rifampicin for 
two days at room temperature for maintenance of bacterial strains and enumeration of bacterial 
populations, or in LB liquid culture supplemented with the same antibiotic at 28°C overnight. An overnight 
grown culture of PstDC3000 was centrifuged at 3500 rpm for 15 min at 4°C and resuspended in 10 mM 
MgCl2 until a final OD600 of 0.2 units was reached. This suspension was diluted in 10 mM MgCl2 100 times to 
reach an estimated OD600 of 0.002. This suspension was diluted in Ringer’s tablets solution (Merck) and 
plated out in the above media plates to allow correlating the OD600 with cfu/ml, and OD600 = 0.002 
corresponded to 2.5 x 106 cfu/ml. To infiltrate the Arabidopsis plants, 4 leaves of 5-6 week-old plants grown 
under a 8/16 hour-day-cycle were used. On day 0, each leaf was fully infiltrated with the bacterial 
suspension containing 2.5 x 106 cfu/ml using a 1 ml needleless syringe by gently pressing the syringe tip 
against the abaxial side of the leaf. Plants were placed back in the growth chamber under the same 
conditions as before. For the colony count, three plants per time-point were assessed. Two leaf discs per 
leaf (4 leaves per plant) were excised with a cork borer and placed into centrifuge tubes with metal beads 
inside. 1 ml of Ringer’s tablets solution was added and samples were homogenised in a tissue lyser (Qiagen) 
for 2 min at 25 Hz. 10-fold serial dilutions were prepared in Ringer’s tablets solution and 5 μl of each was 
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plated out in the above described media (5 replicates for each dilution). After two days, colonies were 
counted at the dilution that allowed counting at least 10 colonies and no more than 40, and the number of 
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3 Generation of knock-out, complementation, promoter-reporter and 
overexpression lines for ATL2 and AT5G43450 
 
3.1 Introduction 
In order to characterize the function of a gene different approaches can be taken. Here, the following 
genetic tools were generated for the characterization of AT3G16720 (also referred to as ATL2) and 
AT5G43450: 
i) T-DNA insertion derived knock-out lines; 
ii) Complementation constructs for introduction into the knock-out lines; 
iii) Gene overexpression lines carrying the 35S promoter; 
iv) Promoter-reporter lines. 
The generation of these tools is described in the sections below. The results of the functional studies 
performed for AT3G16720 and AT5G43450 using these tools are presented in chapters 4 and 5, 
respectively. 
 
3.2 Knock-out lines 
Arabidopsis thaliana lines, whose genomes have been mutagenized by transfer DNA (T-DNA) randomly 
inserted in the Arabidopsis genome by Agrobacterium transformation, are publicly available for research 
purposes. In these lines, gene expression can be affected, thereby creating T-DNA insertion mutant lines. 
These insertions were mapped for each line and assigned to a specific gene, allowing obtaining T-DNA 
insertion lines for the genes of interest (Alonso et al., 2003), and are available from the Salk Institute 
Genomic Analysis Laboratory (SIGnAL). 
 
3.2.1 Isolation of T-DNA insertion homozygous plants 
In order to obtain at3g16720 and at5g43450 knock-out alleles, T-DNA insertion lines supposedly containing 
the T-DNA in the region of interest were obtained from SIGnAL and genotyped by PCR to identify 
homozygous individual plants. Genomic left and right primers were used to amplify the genomic wild-type 
region of each gene, and a T-DNA left border primer was used with the genomic right border primer to 
amplify the putative T-DNA insertion region. The genomic primers have been designed to amplify a region 
of approximately 900-1100 bp, whereas the T-DNA amplification results in a product of 410-710 bp, 
allowing the identification of wild-type plants (only one genomic band), heterozygous for the insertion (one 
genomic and one T-DNA band) and homozygous for the insertion (only one T-DNA band). Homozygous 
plants carry two copies of the T-DNA insertion, one in each chromosome, and are therefore suitable 
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candidates to be screened for knock-out plants.  Two independent T-DNA insertion lines were genotyped 
for each gene (Table 3.1). Primers sequences used are shown in Appendix I. Identified individual 
homozygous plants were isolated and descendants re-genotyped for confirmation of homozygosity, as seen 
in Figure 3.1.  
 
Table 3.1 T-DNA insertion lines for AT3G16720 and AT5G43450 genes. The listed Salk lines were the only ones 
available from the stock centre. The location of the T-DNA insertion is based on TAIR database. 
Allele T-DNA insertion line Location of T-DNA (TAIR) 
AT3G16720/ATL2-1 Salk_050772 Exon 
AT3G16720/ATL2-2 Salk_133789 5’UTR 
AT5G43450-1 Salk_107806 Exon 




Figure 3.1 Results of the genotyping of T-DNA insertion lines for presence of T-DNA insertion. Numbered individual 
plants show presence of a 600 bp T-DNA band and no genomic band, whereas the opposite is observed in the wild-
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3.2.2 Confirmation of T-DNA insertion genomic position 
To confirm that the T-DNA insertions were located in the genes of interest, the T-DNA reaction PCR bands 
were excised and sequenced. The T-DNA insertion in Salk_050772 was found to be present and to start at 
the 1035 bp (after the start of 5’ UTR of AT3G16720), and in Salk_107806 at the 1091 bp (upstream of the 
3’ UTR of AT5G43450 in the complement strand). The alignments are shown in Appendix II-A and Appendix 
II-B for each line, respectively. 
 
3.2.3  Confirmation of gene expression knock-out 
To verify whether the presence of T-DNA insertions in the genes of interest resulted in the abolishment of 
gene expression, reverse transcription PCR (RT-PCR) and quantitative real-time PCR (qRT-PCR) were 
performed. RNA extracted from 6-d old seedlings of the isolated homozygous T-DNA insertion lines treated 
with isoxaben for 6 h was used as the template. Primers targeted towards the end of each gene were used 
(Appendix III-A). As shown in the RT-PCR gel in Figure 3.2, lines Salk_050772 and Salk_107806 did not 
produce any transcripts for AT3G16720/ATL2 and AT5G43450, respectively. In contrast, lines Salk_133789 
and Salk_112750 still showed expression of those genes, respectively. 
 
 
Figure 3.2 RT-PCR based results of expression of AT3G16720/ATL2 and AT5G43450 in the respective homozygous T-
DNA insertion lines. RNA was extracted from 6-d old seedlings grown in liquid culture and treated with isoxaben for 6 
















In order to confirm these results, quantitative RT-PCR was performed. Figure 3.3 shows the confirmation of 
the abolishment of gene expression in Salk_050772 and Salk_107806 lines after 6 h of isoxaben treatment. 
These lines were therefore considered to be knock-out mutants and selected for the characterization of the 




Figure 3.3 Results of the quantitative RT-PCR-based analysis of ATL2 and AT5G43450 gene expression levels. RNA was 
extracted from 6-d old seedlings grown in liquid culture and treated with isoxaben for 6 h as described in Materials 
and Methods. Expression values were normalized to the wild-type Col-0. Values are means ± SEM of three biological 
replicates. 
 
3.3 Generation of complementation lines for atl2 and at5g43450 mutants 
Two different complementation constructs were generated for both genes:  
- Version rescue1, comprising the putative promoter region, untranslated region 5’ (5’ UTR), coding 
sequence and 3’ UTR. 
- Version rescue2, an alternative construct similar to rescue1 but with a reporter gene (GFP for ATL2, 
Citrine for AT5G43450) fused to the c-terminus of each coding sequence, and where the STOP 
codon and 3’ UTR were removed. 
 
3.3.1 Rescue1 complementation constructs 
 To allow for a positive selection of plant transformants and because the plant T-DNA insertion lines 
obtained were kanamycin resistant, plasmids conferring resistance to different markers were selected for 
assembling the complementation constructs. Table 3.2 indicates the Gateway plasmids and their 
characteristics used for the generation of rescue1 constructs. Genetic maps of these plasmids can be found 

































Table 3.2 Plasmids used for rescue1 complementation constructs generation. 
 
 
3.3.1.1 PCR amplification of ATL2 and AT5G43450 for rescue1 constructs 
For ATL2 gene, a region of 2036 bp was amplified. This region included the promoter region (752 bp), 
coding sequence (915 bp) and UTR3’ (333 bp). For AT5G43450, a fragment of 2709 bp was cloned, including 
the regulatory region (1034 bp), coding sequence (1394 bp) and UTR3’ (196 bp). The primers used were 
designed to contain attB sites at the 5’ end and are listed in Appendix IV. The amplified DNA fragments 
(Figure 3.4) were gel extracted. 
 
 
Figure 3.4 Results of the PCR amplification of ATL2 (2036 bp) and AT5G43450 rescue1 fragments (2709 bp). 
 
3.3.1.2 Cloning of rescue1 fragments into the Donor Vector 
A BP reaction was performed to insert the amplified fragments into pDONR221, which was used as the 
Donor Vector (see Table 3.2) and that from hereafter will be designated as pDONR. The reaction was 
transformed into E. coli DH5α competent cells by heat-shock, colonies selected on kanamycin plates and 
screened for positive transformants by PCR (Figure 3.5). A primer annealing to the cloned fragment and the 
other one complementary to the plasmid backbone were used (Appendix IV). Colonies 5 and 1 were 





Plasmid Plasmid type Bacterial resistance 
marker 




pDONR221 Donor Vector Kanamycin 4.7 kb ATL2 / AT5G43450 - 
pMDC99 Destination Vector Kanamycin 10.7 kb ATL2 (2036 bp) Hygromycin 





The cloned fragments were sequenced and confirmed to have the correct DNA sequence (Appendix VI-A 
and Appendix VI-B). 
 
Figure 3.5 Results of the colony PCR identifying positive Entry Clones after BP reaction. PCR products of approximately 
2.0 and 2.9 kb are present in the positive transformants for ATL2rescue1 and AT5G43450rescue1 constructs, 
respectively. Colonies are numbered 1-5. Lanes marked with p denote empty plasmid pDONR. 
 
3.3.1.3 Cloning of rescue1 constructs into the Destination Vector 
An LR reaction was performed to transfer the rescue1 constructs from the Donor Vector to the Destination 
Vector. As before, reactions were transformed into DH5α cells and colonies PCR screened. Figure 3.6 shows 
colonies number 15 and 8 as positive for the expression clones pMDC99+ATL2rescue1 and 
pMDC123+AT5G43450rescue1, respectively. The final constructs plasmid maps are shown in Appendix V-E. 
 
 
Figure 3.6 Results of the colony PCR identifying positive transformants of the LR reaction used to introduce rescue1 
fragments into the Destination Vectors. 
 
3.3.1.4 Cloning of rescue1 fragments into Agrobacterium tumefaciens 
The plasmid DNAs of the recombinant Destination Vectors were purified from grown cultures inoculated 
with the selected colonies and used to transform Agrobacterium tumefaciens electro-competent cells. 
Colony PCR was performed to identify positive transformants and the recombinant plasmids were purified 
from them. A second PCR reaction was performed to confirm the results (Figure 3.7).  













Figure 3.7 Results of the Agrobacterium DNA miniprep PCR confirming the presence of the cloned fragments in the 
respective plasmids. Lanes marked with c denote the respective recombinant plasmids identified in Section 3.3.1.3. 
Double reactions for a single candidate were performed. 
 
3.3.1.5 Introduction of rescue1 complementation constructs into Arabidopsis thaliana 
The positive colonies were selected for introducing the ATL2rescue1 and AT5G43450rescue1 constructs in 
atl2 and at5g43450 plants, respectively, by the floral-dip method. Dipped plants were harvested and T0 
generation seeds selected on media supplemented with the proper antibiotics (see Table 3.2).  
ATL2rescue1/atl2 plants could not be successfully selected. Different approaches were taken to 
troubleshoot this issue: 
i) several concentrations of hygromycin were attempted, in the range of 7-20 µg/ml; 
ii) incubation in light for 6 h following two days of stratification, followed by two days in the dark 
and one day under light, as described by Harrison et al. (2006); 
iii) instead of the regular half strength MS media as the substrate, dry silicon dioxide containing 20 
µg/ml hygromycin was used (Davis et al., 2009), and 
iv) a second floral-dip was performed. 
None of the strategies above allowed the isolation of positive transformants for this construct. 
 
at5g43450+AT5G43450rescue1 T0 seeds were selected in half strength MS media supplemented with 20 
µg/ml basta. Figure 3.8 shows the presence of the cloned fragment in the at5g43450 mutant background.  
 
 
Figure 3.8 Results of the PCR confirming the presence of the cloned fragment AT5G43450rescue1 in at5g43450 
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3.3.2 Rescue2 complementation constructs 
As discussed in Section 3.3, a second complementation construct was generated for each gene. As for 
rescue1, ATL2 and AT5G43450 rescue2 fragments were cloned into Donor and Destination Vectors (Table 
3.3). Genetic maps of these plasmids are shown in Appendix V-A and Appendix V-B. 
 
Table 3.3 Plasmids used for rescue2 complementation constructs generation. 
Plasmid Plasmid type Bacterial 
resistance 
marker 






gene in final 
construct 
pDONR221 Donor Vector Kanamycin 4.7 kb ATL2 / AT5G43450 - - 
pMDC107 Destination Vector Kanamycin 11.7 kb ATL2 (1665 bp) Hygromycin GFP 
pMDC123 Destination Vector Kanamycin 10.2 kb AT5G43450 
 (3269 bp) 
Basta CITRINE 
 
3.3.2.1 PCR amplification of ATL2 and AT5G43450 for rescue2 constructs 
For ATL2, a fragment of 1665 bp was amplified, which included the regulatory region (752 bp) and the 
coding sequence (913 bp). AT5G43450rescue2 version was 2426 bp, consisting of the promoter region 
(1034 bp) and the coding sequence (1392 bp). The reverse primers were designed to create an in-frame 
translational fusion with the reporter genes present in the Destination Vectors (Table 3.3), having the last 




Figure 3.9 Results of the PCR amplification of ATL2 (1665 bp) and AT5G43450 (2426 bp) rescue2 fragments.  
 
3.3.2.2 Cloning of rescue2 fragments into the Donor Vector 
A similar cloning strategy to the rescue1 construct version was performed. The BP reaction was performed 
to insert the amplified rescue2 fragments into pDONR and the reactions were transformed into DH5α cells, 







Colonies 6 and 1 were selected as positive Entry Clones for the constructs ATL2rescue2 and 
AT5G43450rescue2, respectively. The cloned fragments were sequenced and confirmed to have the correct 
DNA sequence (Appendix VI-C and Appendix VI-D). 
 
 
Figure 3.10 Results of the colony PCR identifying positive Entry Clones after BP reaction. PCR products of 
approximately 0.4 and 0.7 kb are present in the positive transformants for ATL2rescue2 and AT5G43450rescue2 
constructs, respectively. Colonies 6 and 1 were selected for the respective constructs. 
 
3.3.2.3 Cloning of rescue2 constructs into the Destination Vector 
LR reactions were performed to clone the rescue2 fragments into the Destination Vectors. The same 
procedure was followed as for rescue1 constructs and positive colonies were identified by colony PCR. 
However, an extra cloning step was performed in the case of AT5G43450rescue2, the reason being the 
need to introduce a STOP codon in the CITRINE sequence present in the plasmid pMDC110cit (this plasmid 
was available in the host lab and was generated by inserting the reporter gene CITRINE in pMDC110). The 
approach taken was to initially clone the AT5G43450rescue2 fragment into this vector, creating a 
translational fusion with CITRINE. The next step was to amplify the complete fragment, from the start of 
the promoter region of AT5G43450 to the end of the CITRINE sequence, using a primer that introduced a 
STOP codon in CITRINE, and clone this fragment into pMDC123. Figure 3.11 shows the results from the PCR 
based colony screen performed to identify the positive LR reaction clones, for pMDC107+ATL2rescue2 and 
pMDC110cit+AT5G43450rescue2 constructs.  
 
 
Figure 3.11 Results of the colony PCR identifying positive transformants of the LR reaction used to introduce rescue2 













3.3.2.3.1 Introduction of STOP codon in construct pMDC110cit+AT5G43450rescue2 
Figure 3.12 shows the products of the PCR amplification of AT5G43450rescue2full fragment, including 




Figure 3.12 Results of the PCR amplification of AT5G43450rescue2full fragment (3269 bp). 
 
3.3.2.3.2 BP reaction to introduce complete fragment into pDONR 
Colony PCR was used to screen for positive pDONR+AT5G43450rescue2full after BP reaction (Figure 3.13). 
The cloned fragment was sequenced and confirmed to have the correct sequence (Appendix VI-E).  
 
 
Figure 3.13 Results of the colony PCR identifying colony 5 as a positive Entry Clone after BP reaction. Lane marked 
with c denotes the pMDC110cit+AT5G43450rescue2 clone identified in Section 3.3.2.3. 
 
3.3.2.3.3 Cloning of AT5G43450rescue2full fragment into Destination Vector 
An LR reaction was performed to transfer the rescue2full fragment into pMDC123 vector and colonies 














Figure 3.14 Results of the colony PCR identifying positive transformants of the LR reaction used to introduce 
AT5G43450rescue2full fragment into the Destination Vector. Lane marked with c denotes the 
pDONR+AT5G43450rescue2full clone identified in Section 3.3.2.3.2.  
 
3.3.2.4 Transformation of rescue2 fragments into Agrobacterium tumefaciens 
The cloned constructs were introduced into Agrobacterium by electroporation and colonies screened by 
PCR as before (Figure 3.15). 
 
 
Figure 3.15 Results of the Agrobacterium colony PCR confirming the presence of the cloned fragments in the 
respective plasmids. Colonies 3 and 9 were selected as positives for the respective constructs. Lanes marked with c 
denote the respective Entry Clones identified in Sections 3.3.2.3 and 3.3.2.3.3. 
 
3.3.2.5 Transformation of rescue2 fragments into Arabidopsis thaliana 
Isolated Agrobacterium colonies from above were used to transform the rescue2 constructs into atl2 and 
at5g43450 plants. Selection of T0 seeds was performed in MS media containing 20 µg/ml hygromycin 
(ATL2rescue2) and 20 µg/ml basta (AT5G43450rescue2). The presence of the cloned fragments in the 
positive transformants was confirmed by PCR, and lines 1-10 and 1-8 were confirmed to carry copies of the 














Figure 3.16 Results of the PCR screen to test for the presence of the rescue2 fragment in T0 individuals. Lanes marked 
with c denote the positive recombinant clones identified in Sections 3.3.2.3 and 3.3.2.3.3, respectively. 
 
 
3.4 Generation of overexpression constructs 
The plasmids used for the generation of overexpression constructs are listed in Table 3.4. The plasmid 
pGWB2 (Nakagawa et al., 2007a) was used  since it carries the cauliflower mosaic virus (CaMV) 35S 
constitutive promoter (Odell et al., 1985) upstream of the Gateway Cloning site, allowing introduction of 
the gene of interest just downstream of the promoter. Regarding the Donor Vector, pDONRZeo (hereafter 
referred to as pDONRz) was chosen because it confers resistance to zeocin, allowing for a more efficient 
and quicker selection after the LR reaction. pDONRz and pGWB2 plasmid maps are shown in Appendix V-A 
and Appendix V-C, respectively. 
 
Table 3.4 Plasmids used for generation of overexpression constructs. 
Plasmid Plasmid type Bacterial 
resistance 
marker 






gene in final 
construct 
pDONRZeo Donor Vector Zeocin 4.3 kb ATL2 / AT5G43450 - - 
pGWB2 Destination Vector Kanamycin 17 kb ATL2 (1719 bp) Kanamycin GFP 




3.4.1 PCR amplification of overexpression fragments 
For ATL2, a region of 1719 bp was amplified from the construct pMDC107+ATL2rescue2 (generated in 
Section 3.3.2.3) – this region included the coding sequence (913 bp), a linker sequence to create a 
translational fusion between ATL2 and GFP (71 bp), and GFP (735 bp). For AT5G43450, the construct 
pMDC123+AT5G43450rescue2full (Section 3.3.2.3.3) was used as template to amplify a region of 2174 bp, 
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90 
 
fragments were named ATL2ox and AT5G43450ox, respectively, and their PCR amplification products are 
shown in Figure 3.17.  
 
Figure 3.17 Results of the PCR amplification (triple reaction) of ATL2 (1719 bp) and AT5G43450 (2174 bp) 
overexpression fragments. 
 
3.4.2 Cloning overexpression fragments into the Donor Vector 
The amplified PCR products were gel purified and a BP reaction was performed as before to introduce the 
fragments into pDONRz. Figure 3.18 shows the results of the colony PCR performed to identify positive 
Entry Clones. The cloned fragments were analysed and found to have the correct sequence (Appendix VI-F 
and Appendix VI-G). 
 
Figure 3.18 Results of the colony PCR identifying colonies 1 and 9 as positive Entry Clones after BP reaction for ATL2ox 
and AT5G43450ox, respectively. 
 
3.4.3 Cloning of overexpression constructs into the Destination Vector 
The recombinant plasmids identified above were used to transfer the overexpression fragments to pGWB2 
via an LR reaction. Figure 3.19 shows the results from the colony screen to identify positive clones. The 














Figure 3.19 Results of the colony PCR identifying colonies 3 and 1 as positive transformants of the LR reaction. Lanes 
marked with c denote the pDONRz+ATL2ox and pDONRz+AT5G43450ox clones identified in the Section above. 
 
3.4.4 Introduction of overexpression constructs into Agrobacterium tumefaciens 
The generated constructs were transformed into Agrobacterium and positive colonies identified by PCR 
(Figure 3.20). Colonies 4 and 2 of pGWB2+ATL2ox and pGWB2+AT5G43450ox were selected, respectively. 
 
 
Figure 3.20 Results of the Agrobacterium colony PCR confirming the presence of the cloned fragments in the 
respective plasmids. Colonies 4 and 2 were selected as positives for the respective constructs. Lanes marked with c 
denote the clones identified in the previous section. 
 
3.4.5 Introduction of overexpression constructs into Arabidopsis thaliana 
Positive colonies identified above were used to generate cultures to introduce the constructs into 
Arabidopsis by the floral-dip method. T0 positive seeds were selected on MS media supplemented with 50 
µg/ml kanamycin and resistant plants were screened by PCR to confirm the presence of the cloned 
fragments. Lines 1-9 and 1-12 were positive for the presence of the fragment (Figure 3.21). 
 
 
Figure 3.21 Results of the PCR confirming the presence of the overexpression fragments in the T0 seeds. Lanes marked 
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3.5 Generation of promoter-reporter constructs 
The plasmid pCambia1304 was selected to engineer promoter-reporter constructs. This plasmid carries the 
reporter genes GFP and GUS downstream of the multiple cloning site (MCS), allowing cloning of the 
promoter of interest so that it will drive expression of the reporter gene (see Appendix V-D). In order to 
clone the ATL2 and AT5G43450 promoter regions, a standard cloning strategy was performed:  
i) The plasmid was digested with BamHI and NcoI restriction enzymes, which are single cutters 
for pCambia1304 and do not cut ATL2 and AT5G43450 promoter regions; 
ii) The promoter regions were amplified with primers introducing restriction sites for the same 
enzymes, and PCR products digested accordingly; 
iii) The cut plasmid and PCR fragments were ligated and the cloned fragments sequenced. 
 
3.5.1 Restriction digest of pCambia1304 
The restriction enzymes BamHI and NcoI cut pCambia 1304 (12361 bp) at positions 11569 and 12361, 
respectively, producing bands of 11569 and 792 bp with 5’ overhang ends. The results of the digest are 
shown in Figure 3.22. The 11569 bp fragment was excised and gel purified. It is possible to detect a band of 
approximately 7.0 kb which is possibly a degradation sub-product. 
 
 
Figure 3.22 Results of the pCambia1304 double restriction digest.  
 
3.5.2 PCR amplification of ATL2 and AT5G43450 promoter regions 
Regions of 752 and 1019 bp upstream of ATL2 and AT5G43450 coding sequences, respectively, were 
amplified with primers that introduced BamHI and NcoI restriction sites at the 5’ and 3’ ends, respectively. 
The amplified fragments (Figure 3.23), named pATL2 and pAT5G43450, comprise nearly the complete 
region between the gene upstream of ATL2 and AT5G43450 and the genes of interest, respectively. To 
allow cloning of the fragments into the digested vector by producing compatible ends, they were digested 











Figure 3.23 Results of the PCR amplification of pATL2 (752 bp) and pAT5G43450 (1019 bp) promoter fragments. 
 
 
Figure 3.24 Results of the double restriction digest of pATL2 and pAT5G43450 fragments with BamHI and NcoI. 
Digested products are 742 and 1009 bp long and consistent with results shown, respectively. 
 
3.5.3 Cloning of promoter fragments by ligation into pCambia1304 
The digested fragments were introduced into the digested pCambia1304 by a ligation reaction and 
transformed into E. coli. Because a double digest was performed all colonies screened were expected to be 
positive for the presence of the cloned fragments (Figure 3.25). The cloned fragments in the colonies 
selected as positive were sequenced and found to contain the correct sequence and orientation (Appendix 
VI-H and Appendix VI-I). The final promoter-reporter constructs plasmid maps are shown in Appendix V-H. 
 
 
Figure 3.25 Colony PCR screen of positive clones after ligation reaction. Fragments of 432 and 498 bp for 
pCambia+pATL2 and pCambia+pAT5G43450 constructs were expected, respectively. Colonies 2 and 4 were selected as 



















3.5.4 Transformation of promoter-reporter constructs into Agrobacterium tumefaciens 
The confirmed recombinant plasmids were isolated from the selected colonies and transformed into 
Agrobacterium cells by electroporation. Plasmid DNA was purified from the colonies obtained and tested 
for the presence of the cloned fragments by PCR (Figure 3.26). Colonies 4 and 1 were selected as positives 
for the presence of the pATL2 and pAT5G43450, respectively. 
 
 
Figure 3.26 Results of the Agrobacterium DNA miniprep PCR confirming the presence of the cloned fragments in the 
respective plasmids. Lanes marked with c denote the respective positive clones identified in Section 3.5.3. 
 
3.5.5 Transformation of promoter-reporter constructs into Arabidopsis thaliana 
Cultures grown from the positive selected colonies were used to introduce the promoter-reporter 
constructs into Arabidopsis plants. After selecting the positive transformants in MS media containing 20 
µg/ml hygromycin, plants were analysed by PCR for the presence of the inserted fragment. Figure 3.27 
indicates lines 3, 5, 6 and 8 as positive for pATL2, and lines 1-10 for pAT5G43450. 
 
 
Figure 3.27 Results of the PCR confirming the presence of the cloned fragments in the T0 seeds. Lanes marked with c 
























3.6 Selection of single homozygous lines for the complementation, 
overexpression and promoter-reporter constructs 
In order to identify plant lines carrying one copy of the introduced fragment in each chromosome, i.e., 
single homozygous plants, T0, T1, T2 and T3 seedlings were selected in media supplemented with the 
appropriate antibiotics. The typical ratios of resistant plants versus total plants of 75%, 100% and 100% for 
generations T1, T2 and T3, respectively, were used to isolate single homozygous transgenic lines. Table 3.5 
shows the generations available (at time of thesis write-up) and single homozygous lines identified for each 
construct.  
 
Table 3.5 Constructs introduced in Arabidopsis plant lines via Agrobacterium transformation and single homozygous 
lines identified at time of thesis write-up. 












3.3.1.4 ATL2rescue1 atl2 Hygromycin - - - 
3.3.2.4 ATL2rescue2 atl2 Hygromycin 10 T1  
3.4.4 ATL2ox Col-0 Kanamycin 9 T1  
3.5.4 pATL2 Col-0 Hygromycin 4 T3 5-5; 5-6 
3.3.1.4 AT5G43450rescue1 at5g43450 Basta  8 T3 3-3 
3.3.2.4 AT5G43450rescue2full at5g43450 Basta 8 T3 2-1; 6-5 
3.4.4 AT5G43450ox Col-0 Kanamycin 12 T3 1-2; 1-5; 5-3 





3.7 Functionality of the generated complementation and overexpression 
constructs 
The functionality of the generated complementation and overexpression constructs was assessed by 
quantifying the levels of gene expression of the different transgenic lines by quantitative real-time PCR. 
This was performed for the following: at5g43450+AT5G43450rescue1, at5g43450+AT5G43450rescue2full 
and Col-0+AT5G43450-ox. The complemented lines were tested for the presence of AT5G43450 transcript 
and for isoxaben induction after 6 h of treatment. As can be seen in Figure 3.28, both rescue versions 
restored AT5G43450 expression in the mutant at5g43450. The lines complemented with rescue1 version 
were induced by isoxaben in a similar way to wild-type Col-0, showing an approximate 2.5-fold increase in 
the accumulation of transcript. The lines complemented with the rescue2full version appeared not to be 
induced by isoxaben in the same extent, although a slight increase was observed. The overexpression lines 
showed an enhanced expression level, with a more than 15-fold increase being detected. 
 
 
Figure 3.28 Quantitative real-time PCR-based analysis of AT5G43450 gene expression levels. Seedlings were grown for 
6 days in liquid cultures and treated with isoxaben for 6h where indicated as described in Materials and Methods. 
Values are means ± SEM of two independent experiments. Expression values were normalized to the wild-type Col-0 6 
























In order to obtain knock-out lines for ATL2 and AT5G43450, two independent T-DNA insertion lines for each 
gene were isolated. Salk_050772 and Salk_107806 proved to be knock-out lines by RT-PCR and qRT-PCR 
since ATL2 and AT5G43450 transcripts were not detectable, respectively. In the case of Salk_133789 and 
Salk_112750 lines, expression of the genes was still evident in the RT-PCR performed, indicating that these 
were not knock-out lines. This could be explained by the position of the T-DNA insertion in each line. In 
Salk_133789, it is positioned in the 5’ UTR of ATL2, and in the case of Salk_112750, in the promoter region 
of AT5G43450.  
 
For ATL2rescue1 construct it was not possible to isolate positive transformants. As discussed before, 
different strategies of selection were attempted in order to identify atl2 plants that had been successfully 
transformed with this construct. It is possible that during the floral-dip of the plants in the ATL2rescue1 
containing Agrobacterium suspension the flowers were not transformed as expected, even though two 
independent experiments were performed. A plausible explanation for this is that the plants to be 
transformed did not grow in ideal conditions. Unplanned variations in temperature or humidity levels might 
have affected the health of the plants, and since healthy plants are a pre-requisite for a successful 
transformation, alterations in the growth conditions might have reduced the transformation capability of 
the plants. Another possible reason why it was not possible to isolate positive transformants is the 
possibility of mutations present in the generated construct. The cloned fragment in the recombinant 
plasmid was sequenced and found to be error-free. However, a mutation in the sequence of the plant 
resistance marker (hygromycin) in this specific construct may have rendered the protein inactive, thereby 
not conferring resistance to the antibiotic in the transformed plants. 
 
To confirm the identity of positive transformants, standard PCR was used. Primers annealing to the inserted 
fragments, either on the specific gene sequence, reporter gene introduced or plasmid backbone, were 
used. The use of negative (wild-type plants) and positive (recombinant plasmid DNA containing the 
respective construct) controls in the PCR reactions allowed for a successful confirmation of positive 
transformants. To identify plants that were homozygous for a single insertion of the cloned fragments, 
typical segregation ratios of resistant plants versus total plants were obtained during antibiotic selection. 
T1 ratios varied between 50-98%, and about half of these lines showed an approximate ratio of 75%. From 
the later, T2 and T3 lines with 100% resistance could be selected for most of the constructs, while for 
others this process could not be completed due to time restrictions. It should be mentioned that due to the 
large number of constructs generated for both genes a compromise between this number and the number 
of T0 transformant lines isolated was considered. For this reason, 8-12 T0 lines were selected for all 
transgenic lines except for pATL2 promoter-reporter lines, in which case only 4 T0 transformants could be 
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successfully isolated. The 8-12 T0 lines for each construct produced 1-2 single homozygous lines for the 
respective construct. For purposes of functional characterization, and due to a putative effect of positional 
insertions during the generation of transgenic lines, a higher number of single homozygous lines should be 
used to increase the robustness of the functional data generated. Additionally, the cloning of empty vectors 
is often used to confirm the veracity of the recombinant plasmids effects by its null effect. Since Gateway 
vectors, which are not viable unless they carry a cloned fragment, were used for the generation of the 
complementation and overexpression constructs, it was not possible to include empty vector controls for 
these experiments. Empty vector controls can be included for the promoter-reporter experiments since 
Gateway technology was not used in that case. 
 
By determining the expression level of AT5G43450 in the complemented lines by quantitative RT-PCR it was 
possible to confirm the restoration of gene expression. rescue1 complemented line showed to be inducible 
by isoxaben in a similar way to wild-type, while rescue2 version did not seem to be activated in the same 
way. Because both constructs carry the same promoter region, it appears difficult to explain this paradox. A 
third repeat of this experiment, in addition to the two experiments performed, could help elucidate on the 
reproducibility of this data. Regarding the overexpression lines, these were proven to be overexpressors, 



















Chapter 4:  







4 Functional characterization of ATL2 
 
4.1 Introduction 
ATL2 (ARABIDOPSIS TOXICOS EN LEVADURA 2) was first identified as an Arabidopsis protein that was shown 
to be toxic in the yeast Saccharomyces cerevisiae. Conditional overexpression of cDNAs from an Arabidopsis 
cDNA library led to the identification of two genes that caused the absence of yeast growth, the histone 
gene H1-1 and ATL2 (Martinez-Garcia et al., 1996). ATL2 encodes a protein which contains a RING-H2 zinc-
finger domain. The RING (REALLY INTERESTING NEW GENE) domain was first described as a cysteine-rich 
region present in the central region of proteins (Freemont et al., 1991). Importantly, ATL2 has also been 
characterized as an early responsive gene to different elicitors such as chitin or cycloheximide. mRNA 
transcripts of this gene accumulated shortly after cycloheximide treatment or upon addition of potential 
elicitors such as chitin and crude cellulase extract (Martinez-Garcia et al., 1996, Salinas-Mondragon et al., 
1999).  
 
4.1.1 ATL2 protein structure 
The database Uniprot was used to analyse the structure of ATL2, which is 304 amino acids long and has a 
molecular mass of 34 kDa. A putative single hydrophobic transmembrane domain of 21 residues is present 
at the N-terminus of ATL2 protein, suggesting that ATL2 may be a transmembrane protein (Appendix VII). 
An arginine-rich region spanning over 20 amino acids whose function is unknown can also be identified 
between the transmembrane domain and the RING finger domain. 
 
As mentioned above, ATL2 contains a RING-H2 finger domain. It is located in the central region and is 43 
amino acids long. The canonical RING motif (also known as C3HC4) includes seven cysteine (C) residues and 
one histidine (H) residue that coordinate the binding of two Zn+ ions (Freemont et al., 1991, Saurin et al., 
1996). The typical RING zinc finger domain, illustrated in Figure 4.1, differs form the zinc finger domains 
because the zinc coordination sites are interleaved, creating a rigid and globular structure (Barlow et al., 





Figure 4.1 RING finger domain canonical primary sequence structure. Cysteine residues are labelled as C1-C7, and the 
histidine residue as H1. Xn refers to the number of residues between the metal ligand residues. Adapted from 
Deshaies and Joazeiro (2009). 
 
The spacing between the two types of residues in this domain is highly conserved and is preserved in ATL2, 
except for the replacement of the fifth cysteine residue by a histidine, a combination that corresponds to 
the RING-H2 variant. The position of the transmembrane and RING-H2 domains in ATL2 amino acidic 
sequence is highlighted in Appendix VIII. Additionally, residues other than the metal ligand amino acids are 
conserved in the RING domain. A multiple sequence alignment performed by Stone et al. (2005) identified 
isoleucine (I) or valine (V) preceding the second cysteine in the majority of the RING proteins studied, and 
phenylalanine (F) or tyrosine (Y) in front of metal ligand 5. 
 
4.1.2 RING finger domain types and biological function 
In Arabidopsis, there are 477 RING domains in 469 predicted proteins, and RING genes account for 
approximately 2% of the predicted protein-encoding genes of Arabidopsis (Stone et al., 2005). There are 
eight different types of RING domains which differ in the presence of, and distance between, each of the 
metal ligand cysteine and/or histidine residues. However, it remains unclear whether the distinct types 
fulfil different biological functions. The RING-H2 type is the most common and is present in approximately 
50% of the RING proteins in Arabidopsis, followed by the RING-HC type, which is divided into two 
subgroups and is observed in 39% of the cases. The remaining types represent only 11% of the RING 
proteins and are classified as modified RING types (Stone et al., 2005). Apart from RING-D, all other types of 
RING domains were also identified in the genomes of other organisms, such as yeast, rice, corn, human, or 
P.  falciparum. The size of the RING family in Arabidopsis is comparable to the numbers present in other 
eukaryotes such as human and mouse, whose genome contain about 300 and 305 RING domains, 
respectively (Deshaies and Joazeiro, 2009, Li et al., 2008). Although many RING genes are unique, the size 
of the Arabidopsis RING family, which includes tandemly repeated genes, suggests that gene duplication 
may have occurred within the family. The Arabidopsis RING proteins were also analysed for the presence of 
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other known domains, and a surprising diverse array of previously described domains were identified 
(Stone et al., 2005). Most of them are protein-protein interaction domains whose function may be the 
substrate binding domain of E3 ligases involved in ubiquitination processes. Additionally, transmembrane 
domains were also highly represented and signal peptides were found in 29 RING proteins. Three types of 
zinc finger domains (a domain which is related to nucleic-acid binding proteins) were found to be 
associated with the RING domain as well.  
 
4.1.2.1 Involvement of RING domains in ubiquitin E3 ligase activity 
Several previously identified RING proteins are described as being involved in numerous cellular processes 
activities such as transcription, signal transduction and protein-protein interactions. However, it is known 
now that most of the RING domain-containing proteins have roles in mediating ubiquitination (Deshaies 
and Joazeiro, 2009). The addition of ubiquitin or ubiquitin-like polypeptides to proteins is a fundamental 
intracellular mechanism that regulates many cellular and organismal processes. Attachment of a chain of at 
least four ubiquitins linked together mark target proteins for degradation by the 26S proteasome. The 
ubiquitination process involves a cascade of enzymatic reactions between ubiquitin-activating (E1), 
ubiquitin-conjugating (E2), and ubiquitin-ligating (E3) enzymes. Arabidopsis contains 2 genes encoding E1 
enzymes, 45 genes encoding E2 or E2-like proteins and nearly 1200 genes encoding E3 ligases involved in 
the 26S proteasome pathway (Smalle and Vierstra, 2004). The E3 ligases confer specificity to the 
ubiquitination reaction by selectively ligating the ubiquitin to the target proteins. The first evidence that 
RING domains were involved in ubiquitination was described by Bailly et al. (1997), who showed that the 
yeast RING protein RAD18 could promote the ubiquitination of histone. Subsequent findings dramatically 
increased the number of known E3 ligases and suggested that a major fraction of RING proteins might be 
involved in ubiquitination events. Moreover, the requirements of the RING domain to act as E3 ligase were 
also described. Mutations in one or more of the metal ligands of the RING domain or zinc ions chelation 
experiments caused the disruption of the ubiquitination activity, thereby showing that the RING domain is 
indeed directly involved in this cellular process (Lorick et al., 1999, Stone et al., 2005). 
 
4.1.2.2 Not all RING domains possess E3 ligase activity 
Functional studies performed on nearly half of the 300 human RING proteins supported the notion that 
most of these proteins act as ubiquitin ligases but it is known that not every single RING protein has this 
function (Deshaies and Joazeiro, 2009). The RING domains of BARD1, BMI1 and MDMX do not show E3 
ligase activity by themselves (Hashizume et al., 2001, Wang et al., 2004, Linares et al., 2003), but appear to 
stimulate the E3 activity of their interacting partner RING proteins BRCA1, RING1 and MDM2, respectively. 
Also, there are examples of RING proteins whose ubiquitination activity has never been described, such as 
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the CDK-activating kinase assembly factor MAT1, and the STE5 and FAR1 proteins from yeast. In 
Arabidopsis, Stone et al. (2005) used an in vitro ubiquitination assay to test the E3 ligase activity of 64 RING 
proteins expressed in E. coli and demonstrated the capability of more than 70% to mediate ubiquitination. 
Importantly, ATL2 did not show E3 ligase activity, while 22 of the 29 RING-H2 type proteins tested were 
active in the assay. 
 
4.1.3 The ATL gene family 
A phylogenetic study has been performed to characterize the ATL gene family in Arabidopsis and rice 
(Serrano et al., 2006). To identify ATL genes, genomewide screens based on signature residues located in 
the central region of the RING-H2 domain (where a highly conserved proline is the key residue to identify 
ATL proteins), a hydrophobic region located at the N-terminus, and a conserved motif positioned between 
the hydrophobic and the RING-H2 modules. Eighty (80) ATL members representing about 40% of the RING-
H2 finger domain proteins in Arabidopsis were identified and classified in three distinct clades and 14 
groups (based on a protein distance matrix). Of these, 70 members were estimated to be expressed, based 
on publicly available whole-genome arrays. Most of the members include a single hydrophobic region, 
while some contain two or three of these regions. Also, 90% of the ATL genes were shown to be intronless. 
Six tandem duplications were detected and most of them clustered together, suggesting a recent gene 
duplication event. In this report, T-DNA insertion mutants for 24 of the ATL genes, including two insertion 
lines for ATL2, were screened for the presence of visible phenotypes and, except for ATL43, whose mutant 
was shown to be hypersensitive to ABA, none could be observed (Serrano et al., 2006). In addition, for 4 of 
the 24 insertion lines only hemizygous T-DNA lines could be recovered, indicating that the genes affected 
(ATL4, -6, -8 and -10) are essential for the viability of the plants at the embryogenesis or gamete formation 
level. Further sequence analysis downstream of the RING-H2 domain indicated that ATL43 and ATL4 do not 
have any related proteins. Genetic redundancy was used by the authors to explain the lack of phenotypes 
in the T-DNA insertion lines examined. This line of thought is supported by the observation that the genes 
for which these T-DNA insertion lines were analysed clustered together, which also suggests that 
structurally related genes exist for most ATLs. ATL2’s most similar protein is ATL17 (AT4G15975), a protein 
that is also transiently induced by isoxaben as shown before (page 62) (Figure 4.2). 
 
Approximately 60% of the rice ATLs clustered together with Arabidopsis ATLs, and for several of them their 
gene products exhibited sequence similarities, suggesting that they may be orthologous. Of the different 
cluster groups of the original phylogenetic analysis, only one includes members from Arabidopsis and rice, 
indicating that these genes probably originated before the separation of mono- and dicotyledonous plants.  
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Other ATL genes showed to be responsive to the same elicitors like ATL2 (Serrano et al., 2006). ATL6, ATL29 
and ATL36 promoter-reporter lines were induced by cellulysin, confirming the previously described 
observation for ATL6 (Salinas-Mondragon et al., 1999), and ATL29 and ATL36 promoter-reporter lines 
displayed GUS staining in the shoot apical meristem region, resembling ATL2, while ATL6 showed a higher 
basal expression in the cotyledons. In addition, significant induction of several ATL genes by bacterial 
flagellin, which acts as a potent elicitor in plants by causing callose deposition, induction of pathogenesis-
related genes, inhibition of growth and production of ROS, has been reported. These results link the ATL 
gene family to the innate immune PAMP response, which is conserved in the plant and animal kingdoms 











4.1.4 ATL2 is an early response gene 
As mentioned earlier, ATL2 gene expression was found to be transiently activated after cycloheximide 
treatment (Martinez-Garcia et al., 1996). ATL2 mRNA accumulated within 15 min of addition of the protein 
translation chemical inhibitor and declined rapidly after that (30 min). In the same report, auxin was 
described as inducing ATL2 as well. Salinas-Mondragon et al. (1999) later confirmed ATL2 as being an early 
response gene but slightly different observations were made. Cycloheximide was shown to induce ATL2 
transcription but the decline in its expression levels after 30 min was not confirmed (since transcripts 
accumulated still after 120 min). However, the transient regulation observed in the first report was 
confirmed with different elicitors such as chitin and inactivated cellulase from Trichoderma viride 
preparations, with ATL2 mRNA levels increasing during the first 15 min of treatment and being reduced 
after 30 min. Chitin is a component of fungal cell walls which is readily hydrolyzed into smaller fragments by 
plant chitinases, and has been shown to elicit lignification in wounded wheat leaves, cause transient 
depolarization of membrane potential, as well as increase both production of ROS and calcium levels 
(Kurosaki et al., 1988, Barber and Ride, 1988, Kuchitsu et al., 1993, Lee et al., 1999, Fellbrich et al., 2000). 
Noteworthy, the previously described results implicating auxin in the activation of ATL2 expression could 
not be confirmed. Supporting the observed transient regulation, elements that are associated with rapid 
mRNA decay are present in the 3’ UTR of ATL2. One such element is DST, a sequence originally found in the 
3’ UTR of the soybean SAUR genes, a family of early-auxin induced genes whose transcripts are highly 
unstable (McClure and Guilfoyle, 1989). This sequence is highly conserved in different plant species and the 
insertion of two copies of DST elements derived from soybean decreased the stability of a beta-globin 
reporter gene in stably transformed tobacco cells (Newman et al., 1993). The sequences AUAGAU and GUA, 
considered invariable in DST, are present in the ATL2 3’ UTR (Appendix X). Another element involved in 
mRNA degradation that is also present in ATL2 3’ UTR is the AU-rich destabilizing element (ARE), which was 
found to be present in several unstable mammalian transcripts (Chen and Shyu, 1995, Feldbrugge et al., 
2002) (Appendix X). Insertion of pentameric elements with the sequence AUUUA, present in ARE elements, 
resulted in the destabilization of reporter transcripts in transgenic plants and in the reduction of mRNA 
accumulation (Ohme-Takagi et al., 1993). 
 
The observation that ATL2 is early and transiently induced by chitin, cellulases and flagellin suggested that 
this gene might be involved in defense responses. Serrano and Guzman (2004) have isolated five 
Arabidopsis mutants, named eca, by screening for constitutive expression of ATL2 using a promoter-
reporter line. One of them (eca1) exhibited a stunted growth phenotype while the other four were similar 
to wild-type. Importantly, two early chitin-induced genes, encoding a zinc-finger protein (AT1G27730) and 
MPK3, as well as pathogenesis related genes such as NPR1, PAL and CHS, were shown to be induced in all 
eca mutants, while PR-1 and PDF1.2 displayed differential expression between the mutants. NPR1 acts 
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upstream of PR-1 and both play a role in the SA-dependent defense pathway, and PDF1.2 is known to be 
directly involved in the JA response pathway, therefore implicating ATL2 in these defense pathways (Klessig 
et al., 2000, Shah, 2003, Turner et al., 2002). 
 
4.2 Bioinformatics based analysis of ATL2 
Based on data from the Genevestigator database, ATL2 is expressed constantly at low to medium 
expression levels at different developmental stages during the plant life cycle, with maximum expression at 
the flowering stage and lowest at the germination stage (Figure 4.3). In terms of tissue specificity, its 
highest expression occurs in guard cells protoplasts isolated from cell cultures, and in the hypocotyl and 
root pericycle of plants (Appendix IX). 
 
Cis-acting elements present in the regulatory region of ATL2 could also have a role in its regulation and 
were therefore further investigated. The analysis was performed using AGRIS database. This detected the 
presence of several putative cis-regulatory elements sequences (Table 4.1, Appendix X). Among them, 
consensus sequences recognized by transcription factors involved in biotic and abiotic stress responses 
were identified, and damage responsive elements detected support the notion that ATL2 may be involved 
in defense responses. In addition, light responsive elements, cis-elements linked to circadian rhythm and an 
auxin responsive element suggest the involvement of ATL2 in developmental and growth processes.  
 
 
Figure 4.3 ATL2 gene expression levels at the different developmental stages throughout Arabidopsis life cycle. Data 




Table 4.1 Putative cis-elements acting in ATL2 gene regulation. Data obtained from AGRIS database. 
Cis-element Consensus sequence 
(position in ATL2) 
Function of cis-element associated transcription factors 
WRKY ttgacc (promoter)  
ttgact (5’ UTR) 
WRKY are a family of transcription factors involved in biotic and 
abiotic stresses response in plants (Zhang and Wang, 2005) 
MYB-related aaaaatct (promoter) CCA1 (CIRCADIAN CLOCK ASSOCIATED 1) binds to this consensus 
sequence (Wang et al., 1997) 
LFY ccaatg (3’ UTR) LEAFY target genes are linked to the transition from vegetative 
growth to flower formation and regulation of response to biotic 
stimuli (Winter et al., 2011) 
DRE  taccgacta (promoter) Damage responsive elements (DRE) are present in DNA repair 
proteins (Jang et al., 1996) 
GATA (LRE) tgataa (3’ UTR) GATA Light responsive elements (LRE) are involved in light-
controlled transcriptional activity (Millar and Kay, 1996) 
AuxRE tgtctc (5’ UTR) Auxin response elements (AuxRE) are present in auxin-inducible 




To perform a functional characterization of ATL2, different approaches were taken. The molecular tools 
described in chapter 3 were used to study the pattern of ATL2 gene expression in the different tissues and 
the sub-cellular localization of ATL2. The isolated knock-out mutants were used on phenotypic analyses 
related to previous observations linked to isoxaben, such as lignin deposition, quantification of JA levels 
and growth assays in the presence of isoxaben. Global analysis of atl2 plants suggested the absence of any 
obvious or visible growth and developmental phenotypes at any stage of the plants life cycle. This is in 
agreement with previous reports (Serrano et al., 2006). Gene expression based analysis was also 
performed. In addition, information gathered from the bioinformatics based analysis described above was 
used to design experiments that could give indications about the biological function of ATL2. Also, the role 
of ATL2 in cell cycle progression was determined. Lastly, the susceptibility of atl2 plants to bacterial 







4.3.1 Transient regulation of ATL2 during CBI 
To confirm the transient induction of ATL2 expression previously observed, quantitative real-time RT-PCR 
was used. A similar time-course experiment like before was performed and the expression levels of ATL2 
were analysed at different time points (Figure 4.4). ATL2 expression appeared to be induced as early as 2 h 
post-treatment, and a 3-fold elevation was observed after 4 h, when the highest expression during the 
time-course was detected. After 6 h, transcripts levels had already decreased. After 8 h, expression levels 
returned to similar values like at the start of the treatment. These results confirm that ATL2 expression is 
transiently activated by isoxaben. In comparison to the microarray derived expression data, a similar 
expression profile was observed, the difference being that after 8 h ATL2 expression levels seem to be still 
expressed in high levels in the microarray results, while quantitative RT-PCR data suggest that at that time-




Figure 4.4 Expression of ATL2 during CBI. Col-0 seedlings were grown for 6 days in liquid culture and treated with 
isoxaben at 0 h as described in Materials and Methods. (Top) Microarray data from Hamann et al. (2009) is shown for 
comparison with quantitative RT-PCR data. Dark line, isoxaben treatment (600 nM); dashed line, mock treatment. 
(Bottom) Validation of the microarray results by quantitative RT-PCR. Data was normalized to the corresponding time-








































4.3.2 ATL2 gene expression pattern 
The pATL2::GUS promoter-reporter line generated in chapter 3 was used to characterize the global 
expression pattern of ATL2. Histochemical analysis of the pATL2::GUS reporter was performed for three 
independent primary transformants transgenic lines. The results shown in Figure 4.5 are representative of 
the expression pattern found in different independent lines. In 6-d old seedlings GUS expression was 
detected mostly in the vasculature and spreading across the cotyledons (Figure 4.5 A). When an overnight 
staining was performed, the intensity of the GUS signal increased, as expected, and pATL2::GUS expression 
was detected also in the shoot apical meristem and cotyledon primordia (Figure 4.5 B). These results are in 
accordance to previous findings (Serrano and Guzman, 2004, Serrano et al., 2006). The expression of 
pATL2::GUS in the seedlings vasculature was also evident in the hypocotyl and root (Figure 4.5 C, D and I). 
In mature plants, pATL2::GUS seemed to be expressed in cauline leaves in the same pattern as in 
cotyledons, with GUS being detected in the vasculature and across the leaf (Figure 4.5 E).  In flowers, 
pATL2::GUS expression was clearly visible in the filament of the stamens, while less intense staining was 
detected in the anthers and stigma of the carpels (Figure 4.5 F). The sepals also showed GUS staining in the 
vasculature region (Figure 4.5 G). pATL2::GUS expression was also observed in stems (Figure 4.5 H). No 
staining was detected in other organs such as siliques or seeds. 
 
 
Figure 4.5 Histochemical analysis of pATL2::GUS expression in pATL2::GUS transgenic lines. Seedlings (A-D, I) and adult 
plants (E-H) were grown for 6 days in MS square plates and for 4 weeks in soil, respectively, as described in Materials 
and Methods. A,B, 6-d old seedling; C, enlarged image of selected hypocotyl area in B; D, enlarged image of selected 
root area in B; E, cauline leaf; F, flower; G, sepal; H, stem; I, seedling root tip. A, 5 h staining; B-H, overnight staining. 
Scale bar = 250 µm. 
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4.3.3 Isoxaben-induced activation of ATL2 expression in promoter-GUS lines 
The pATL2::GUS promoter-reporter lines were used to analyse the isoxaben-induced induction of ATL2 
gene expression by performing GUS staining after 6 h of isoxaben treatment. An increase in the level of 
pATL2::GUS expression levels could be detected in isoxaben-treated 6-d old seedlings, confirming that 
isoxaben induces the expression of ATL2 (Figure 4.6). 
 
 
Figure 4.6 Histochemical analysis of pATL2::GUS. GUS staining was performed on 6 h isoxaben-treated pATL2::GUS 




















4.3.4 Lignin deposition during CBI 
The observation that ATL2 expression is transiently induced by isoxaben in the first hours after the start of 
the isoxaben treatment led us to study whether atl2 seedlings responded to isoxaben treatment in the 
same way as the wild-type. As mentioned before, isoxaben triggers several responses in Arabidopsis 
seedlings, including lignification of root tips as early as 6 h post-treatment, being clearly visible after 12 h. 
Isoxaben treated atl2 seedlings were tested for the level of lignin deposition by phloroglucinol staining. This 
compound is known to bind the coniferyl aldehyde, sinapyl aldehyde, vanillin, and syringaldehyde groups 
that partially  form lignin and produce a red brown-pink colour (Pomar et al., 2002). The level of 
lignification was determined by image visualisation, and the pattern, area and intensity of lignin distribution 
were analysed. In comparison to wild-type, 12 h treated atl2 seedlings appeared to have a similar degree of 
lignification. However, the lignification level 24 h after isoxaben addition seemed to be higher in atl2 than 




Figure 4.7 Lignin deposition in wild-type Col-0 and atl2. Seedlings were grown for 6 days in liquid culture, treated with 
isoxaben for 12 h and 24 h and stained with phloroglucinol as described in Materials and Methods. MK, mock treated; 
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4.3.5 Production of Jasmonic and Salicylic acid during CBI 
As discussed before, isoxaben induces JA and SA production.  Additionally, JA inhibits lignin deposition 
during isoxaben-induced cell wall damage, since mutants reducing JA production or perception cause 
enhanced lignification (Denness et al., 2011). Because atl2 seedlings exhibited an increase in lignin 
deposition during CBI, the JA content was investigated as well. Accordingly, JA was extracted from 6-d old 
seedlings treated with isoxaben for 7 h and quantified by liquid chromatography mass spectrometry (LC-
MS/MS). The conjugated form JA-isoleucine (JA-Ile) is known to be the active molecule of JA but since it is 
not possible to identify it by mass spectrometry, its precursor JA is measured instead (Staswick and Tiryaki, 
2004). As can be seen in Figure 4.8, atl2 mock treated seedlings were shown to contain reduced levels of JA 
in comparison to wild-type Col-0 mock treated seedlings. In addition, when treated with isoxaben, a lower 
production of JA could be detected in atl2 seedlings compared to wild-type. These results are in accordance 
with the previous observation that atl2 seedlings have increased lignin deposition upon isoxaben addition 
and together they suggest a role of ATL2 in the regulation of cell wall damage-induced lignin deposition via 
a JA-modulated pathway. 
 
 
Figure 4.8 JA content in wild-type Col-0 and atl2 seedlings. Seedlings were grown for 6 days in liquid culture and 
treated with isoxaben for 7 h as described in Materials and Methods. MK, mock treated; ISX, 600 nM isoxaben. Values 
are means ± SD of four biological replicates. Asterisks denote a significant difference of each treatment in one 


































SA levels in atl2 seedlings were quantified as well.  As for JA, SA was extracted from seedlings treated with 
isoxaben for 7 h and its levels quantified by LC-MS/MS. As shown in Figure 4.9, no differences in SA levels 
were detected between wild-type and atl2 mock treated seedlings. When treated with isoxaben, SA levels 
were significantly elevated in wild-type seedlings, whereas in atl2 seedlings a statistically significant 




Figure 4.9 SA content in wild-type Col-0 and atl2 seedlings. Seedlings were grown for 6 days in liquid culture and 
treated with isoxaben for 7 h as described in Materials and Methods. MK, mock treated; ISX, 600 nM isoxaben. Values 
are means ± SD of four biological replicates. Asterisks denote a significant difference to the mock treatment within 








































4.3.6 ATL2 gene expression in the presence of JA 
Because JA production appeared to be reduced in atl2 compared to wild-type seedlings, it was investigated 
whether ATL2 gene expression was affected by addition of JA. Isoxaben and methyl jasmonate (MeJA), 
which forms a precursor for JA-Ile (the active form of JA), were used separately or in combination to 
perform a time-course treatment on 6-d old wild-type Col-0 seedlings. Quantitative RT-PCR was used to 
determine the changes in ATL2 gene expression levels (Figure 4.10). As shown before, ATL2 transcription 
was induced by isoxaben after 2 h of treatment. Interestingly, ATL2 expression seemed to be transiently 
regulated as well upon addition of MeJA, with its expression levels peaking at 2 h and decreasing after 4 
and 6 h. When compared to the isoxaben treatment, the combined treatment of isoxaben and MeJA 
seemed not to change the expression levels of ATL2 up to 2 h after the start of the treatment. After 4 and 6 
h, the expression level of ATL2 in the combined treatment was nearly half of the expression level detected 
in the isoxaben treatment, and slightly higher than in the MeJA treatment. These results show that, like 
isoxaben, MeJA affects ATL2 gene expression levels, and in the presence of both isoxaben and MeJA, the 
latter seems to reduce ATL2 transcript levels in comparison to the isoxaben treatment alone. 
 
 
Figure 4.10 Quantitative RT-PCR-based analysis of ATL2 gene transcript levels in wild-type Col-0 background. Seedlings 
were grown for 6 days in liquid culture and treated at 0 h as described in Materials and Methods. Expression values at 
each time-point were normalized to the corresponding mock-treatment. Values are means ± SEM of two independent 
experiments. ISX, 600 nM isoxaben; MeJA, 200 µM MeJA. The level of statistical significance was determined by the 
Student’s t-test (p < 0.05):(a) denotes a significant difference of each treatment to the corresponding 0.5 h time-point; 































4.3.7 Sensitivity to Methyl Jasmonate 
As shown above, ATL2 seems to be involved in JA production and ATL2 expression is transiently induced by 
MeJA. To further investigate the relationship between ATL2 and JA, the sensitivity of atl2 to MeJA was 
determined. To achieve this, wild-type Col-0 and atl2 seedlings were grown in different concentrations of 
MeJA and root length measurements were performed. As shown in Figure 4.11, no dramatic differences 
were observed between wild-type and atl2 seedlings. 
 
 
Figure 4.11 Effect of MeJA on root growth of wild-type and atl2. Seedlings were grown for 6 days on MS plates 







































4.3.8 Sensitivity to isoxaben 
Because ATL2 gene expression is responsive to isoxaben, it was investigated whether atl2 seedlings 
responded to isoxaben differently than wild-type to isoxaben treatment. A root length assay in media with 
different concentrations of isoxaben was performed. Instead of the extremely high 600 nM concentration 
used throughout this project, much lower concentrations were used in this assay to allow detecting a 
concentration-dependent effect of isoxaben on root growth. To determine possible differences between 
mutant and control, percentages of root growth inhibition relatively to seedlings grown in media without 
isoxaben were calculated. No statistically significant differences were detected between atl2 and wild-type 
seedlings (Figure 4.12). 
 
 
Figure 4.12 Isoxaben-induced root growth inhibition in wild-type Col-0 and atl2 6-d old seedlings. Seedlings were 
grown for 4 days in media without isoxaben, then transferred to media with different concentrations of isoxaben or 
without (control), and root length was measured. Data are percentages of root growth inhibition relative to each 











































4.3.9 Cell cycle regulation during CBI 
Plant organ growth is regulated by three different cellular processes: cell growth, cell division and cell 
expansion. During cell growth, an increase in protein synthesis and metabolism occurs, leading to an 
enhancement in mass. This process must be tightly coordinated with cell division to ensure survival of cells 
after division. Cell expansion, which accounts for most of the general size increase in developing organs, is 
largely a consequence of water uptake by osmosis. As mentioned before, cell elongation is inhibited in the 
presence of isoxaben (Tsang et al., 2011). Because isoxaben inhibits cellulose biosynthesis, it is expected 
that this has an impact on the amount of cellulose available for the expansion of newly formed cells, 
thereby contributing to the decrease in the cell elongation process. It is conceivable that, in addition, 
unknown signaling mechanisms trigger downstream cellular responses involved in the inhibition of cell 
elongation and/or cell cycle. Here, we tested whether cell cycle progression is affected by isoxaben 
treatment. Analysis of the time-course isoxaben treatment microarray data revealed that cell cycle related 
genes are globally downregulated (Appendix XI). To follow up on this observation, a cell cycle marker line, 
CYCB1;1::GUS, was obtained from Dr. Celenza (Boston University) and activity of the CYCB1;1::GUS reporter 
protein analysed after isoxaben treatment. This marker line contains the first 150 amino acids of CYCB1;1 
protein fused to GUS, creating a destabilized GUS enzyme. CYCB1;1 has previously been found to encode a 
mitotic cycle that is active preferentially in dividing cells (Hemerly et al., 1992). Therefore, CYCB1;1::GUS 
only stains actively dividing cells or cells arrested in mitosis (DiDonato et al., 2004). Figure 4.13 shows the 
results of a 6 h isoxaben treatment in CYCB1;1::GUS 6-d old seedlings. In order to qualitatively analyse the 
level of GUS staining, the area, pattern and intensity of staining were visually examined. Isoxaben-treated 
seedlings exhibited a clear reduction in the levels of GUS staining in the root tips, indicating that activity 
levels of CYCB1;1::GUS were reduced. This result supports the notion that cell cycle progression, here 
monitored by analysing the levels of a cyclin protein activity, is inhibited by isoxaben treatment. 
 
Figure 4.13 Histochemical analysis of CYCB1;1::GUS activity CYCB1;1::GUS seedlings. Seedlings were grown for 6 days 
in liquid culture and treated with isoxaben for 6 h as described in Materials and Methods. MK, mock treatment; ISX, 
600 nM isoxaben. Images are representative of results from at least three independent experiments (N ≥ 15). Scale 




4.3.9.1 Involvement of ATL2 in cell cycle regulation 
The involvement of ATL2 in cell cycle progression was determined. Previously, JA has been implicated in cell 
cycle regulation. Pauwels et al. (2008) investigated the transcriptomic changes in a fast-dividing cell culture 
of Arabidopsis after addition of MeJA, and a concurrent and dual effect was observed. MeJA repressed the 
expression of M-phase-associated genes, arresting the cell cycle in G2-phase in a dose-dependent manner. 
In addition, experiments performed in tobacco showed that JA decreases the kinase activity of cyclin 
dependent kinases (CDK) complexes and prevents the accumulation of CYCB1;1 and CDK-B during the G2-
phase, effectively preventing mitosis when applied during the S-phase (DNA synthesis) (Swiatek et al., 2004, 
Swiatek et al., 2002). When added after the S-phase, it was less effective in reducing the mitotic index, 
suggesting that cell sensitivity towards JA depends on the cell cycle phase.  
 
Because ATL2 seemed to be implicated in JA biosynthesis during isoxaben treatment, and its expression is 
induced by MeJA, it was investigated whether it participated in the inhibition of cell cycle during CBI and 
upon the addition of MeJA. CYCB1;1::GUS plants were crossed with atl2 plants and homozygous individuals 
carrying CYCB1;1::GUS and a T-DNA insertion in ATL2 were identified by PCR. CYCB1;1::GUS and 
atl2xCYCB1;1::GUS 6-d old seedlings were treated with either isoxaben, MeJA or the combined treatment 
for 6 h and GUS staining was performed (Figure 4.14). As before, the addition of isoxaben resulted in the 
inhibition of CYCB1;1::GUS activity in CYCB1;1::GUS seedlings. Upon addition of MeJA, a slight increase in 
the level of GUS staining was observed, while in the combined treatment of isoxaben and MeJA the levels 
of CYCB1;1::GUS activity appeared to be only slightly reduced in comparison to the mock treated seedlings. 
In the case of atl2xCYCB1;1::GUS, the activity levels of CYCB1;1::GUS in mock treated seedlings was 
elevated when compared to the control CYCB1;1::GUS mock treated seedlings. Upon isoxaben treatment, 
the activity of CYCB1;1::GUS in atl2xCYCB1;1::GUS seedlings was inhibited, similarly to CYCB1;1::GUS 
isoxaben treated seedlings. Upon addition of MeJA, the level of GUS staining was substantially increased in 
atl2xCYCB1;1::GUS, while in the combined treatment activity of CYCB1;1::GUS appeared to be higher than 
mock treated seedlings and lower than MeJA treated seedlings. 
 
As mentioned previously, providing osmotic support has been shown to counteract the effects produced by 
isoxaben, in particular in what respects to lignin deposition, distribution of carbohydrate molecules and 
gene expression. Here, it was determined whether providing osmotic support suppressed cell cycle 
inhibition upon isoxaben treatment. To determine this, 5% PEG was used as osmoticum. The same 
experimental approach as above was followed, but media was supplemented with 5% PEG at the start of 
the treatments. In CYCB1;1::GUS seedlings, 5% PEG did not cause any changes in the activity levels of 
CYCB1;1::GUS in comparison to the mock treated seedlings in normal media. Upon addition of isoxaben, 
the activity of CYCB1;1::GUS was only slightly reduced in comparison to 5% PEG,  showing a substantial 
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higher level of GUS staining in comparison to the isoxaben treated seedlings in normal media. This 
observation suggests that cell cycle arrest induced by isoxaben can be suppressed by providing osmotic 
support. In CYCB1;1::GUS seedlings exposed to MeJA, the activity levels of CYCB1;1::GUS were not 
dramatically altered, although seemed to be slightly elevated in comparison to 5% PEG alone. In the 
combined treatment, the levels of CYCB1;1::GUS activity did not change in comparison to seedlings 
exposed to 5 %PEG alone. In atl2xCYCB1;1::GUS seedlings, similar observations were made. 5% PEG did not 
appear to change the activity levels of CYCB1;1::GUS in comparison to mock treated seedlings in normal 
media. Upon addition of isoxaben, the level of GUS staining was only slightly reduced, being evidently 
higher than isoxaben treated atl2xCYCB1;1::GUS seedlings in normal media. When exposed to MeJA, 
atl2xCYCB1;1::GUS seedlings exhibited a higher level of CYCB1;1::GUS activity in comparison to seedlings in 
5% PEG alone. In the combined treatment, no significant changes were detected in comparison to seedlings 
in 5% PEG alone.  
 
To summarize, the above results show that isoxaben treatment reduces the activity level of CYCB1;1::GUS 
in both CYCB1;1::GUS and atl2xCYCB1;1::GUS seedlings. Interestingly, providing osmotic support by adding 
PEG to the media restores normal levels of CYCB1;1::GUS activity in isoxaben treated seedlings. 
 
In contrast to isoxaben, MeJA seemed to slightly enhance CYCB1;1::GUS activity in CYCB1;1::GUS seedlings 
whereas a substantial increase in atl2xCYCB1;1::GUS seedlings was observed. These observations do not 
support the results previously reported where MeJA was found to cause a 2-fold reduction in the 
expression levels of CYCB1;1 in Arabidopsis cell suspension cultures (Pauwels et al., 2008). Addition of both 
isoxaben and MeJA seemed to result in an antagonistic action of each chemical, since no dramatic changes 
in the activity levels of CYCB1;1::GUS were observed for both CYCB1;1::GUS and atl2xCYCB1;1::GUS lines 
compared to mock treated seedlings. Additionally, providing PEG-based osmotic support resulted in the 
suppression of CYCB1;1::GUS activity inhibition upon addition of isoxaben in both genotypes. Moreover, 
osmotic support did not seem to dramatically affect CYCB1;1::GUS activity levels in seedlings exposed to 
MeJA or the combined treatment. This observation suggests that the enhanced activity of CYCB1;1::GUS 
upon addition of MeJA is not influenced by providing osmotic support with 5% PEG. Furthermore, the 






Figure 4.14 Histochemical analysis of CYCB1;1::GUS activity in CYCB1;1::GUS and atl2x CYCB1;1::GUS seedlings. 
Seedlings were grown for 6 days in liquid culture as described in Materials and Methods. Treatments were performed 
for 6 h. MK, mock treatment; ISX, 600 nM isoxaben; MeJA, 200 µM MeJA; PEG, 5% PEG. Images are representative of 
results from at least two independent experiments (N ≥ 15). Scale bar = 25 µm. 
 
The cell cycle in plants, as in all other eukaryotic organisms, consists of four phases. After a new cell is 
formed it enters the G1-phase, when cellular growth occurs. This is followed by the S-phase, where 
duplication of the genetic material takes place. When a cell prepares to divide, it enters the G2-phase, 
enabling cell division to occur in the M-phase or mitosis. These multiple phases do not progress 
independently of each other, as a cross-talk between them is necessary for their coordinated occurrence. 
For example, the accumulation of G1 cyclin proteins seems to affect the time of initiation of the S-phase, 
while a G2-phase checkpoint ensures the successful termination of S-phase and thus allows mitosis to be 
triggered (Gutierrez, 2009). 
Because CYCB1;1::GUS activity levels appeared to be increased in atl2xCYCB1;1::GUS seedlings in 
comparison to CYCB1;1::GUS seedlings, it was determined whether gene expression levels of CYCB1;1 were 
increased in atl2 in comparison to wild-type Col-0 by performing quantitative RT-PCR. Additionally, the 
expression levels of other cell cycle genes were analysed as well. These included genes previously reported 
to be downregulated by isoxaben addition, such as CDKA1; CYCD3;1, E2FA and CDKB2;1 (Hamann et al., 
2009) (Appendix XI). CYCD3;1 and E2FA are involved in the G1-S transition, CYCB1;1 and CDKB2;1 play a role 
in the G2-M transition, and CDKA1 is involved in both transitions (Gutierrez, 2009). However, the 
preliminary results obtained by quantitative RT-PCR require further confirmation and therefore are not 
presented. 
 













Transgenic expression of CYCB1;1 under the control of the promoter of CDC2 (CDKA1), has been shown to 
result in accelerated root growth without altering meristem organization and root morphology (Doerner et 
al., 1996). This effect was found to correlate with strong activity levels of CDC2::CYCB1;1. Other examples 
of enhanced expression levels of CYCB1;1 that lead to increases in growth include NEK6 overexpressing 
plants (Zhang et al., 2011). NEK6 encodes a kinase protein related to NIMA, a protein which was identified 
in  fungal mutants that were found to be never in mitosis (Oakley and Morris, 1983). In order to understand 
whether a higher activity level of CYCB1;1::GUS in atl2xCYCB1;1::GUS seedlings resulted in increased root 
growth, measurements of root length in wild-type Col-0 and atl2 6-d old seedlings were performed. The 
results showed that there are no statistically significant differences between atl2 and wild-type in terms of 
root growth (Figure 4.15 left). These results support the previous observation that no visible growth 
phenotypes were detected in atl2 plants. As mentioned before, CYCB1;1 is a mitotic cyclin that is expressed 
preferentially in dividing cells. Also, the increased root growth observed in CDC2::CYCB1;1 transgenic lines 
was due to increased cell number rather than cell size (Doerner et al., 1996). Here, it was determined 
whether cell division rates were affected in atl2 seedlings. To achieve this, cell size measurements were 
performed in the mature region of roots. Figure 4.15 (right) shows no significant differences between cell 
size in atl2 and wild-type seedling roots. Together, these results show that wild-type and atl2 roots of 
similar length contain cells of similar size, thus suggesting that cell number is not affected in atl2 seedlings. 
These results suggest that the loss of ATL2 does not lead to changes in cell division processes. 
 
 
Figure 4.15  Root length (left) and cell size of mature root cells (right) of Col-0 and atl2 seedlings. Seedlings were 
grown for 6 days in MS square plates as described in Materials and Methods. Values are means ± SD of three 











































Previously, overall plant growth has been directly correlated with cell division (Cockcroft et al., 2000). 
Additionally, CYCB1;1 is expressed post-embryonically in relatively constant levels throughout all 
developmental stages in Arabidopsis (as suggested by publicly available microarray expression data in the 
Genevestigator database) (Appendix XII) , and despite no visible growth phenotypes being detected in atl2 
plants, it was hypothesized whether the observed increase in CYCB1;1::GUS activity in atl2xCYCB1;1::GUS 
seedlings could result in enhanced growth of atl2 adult plants. To determine this, biomass measurements 
were performed on wild-type and atl2 3- and 7-weeks old plants. Fresh and dry weights were quantified by 
weighing individual plants. As seen in Figure 4.16, no statistically significant differences were detected 
between wild-type and atl2 plants at both time-points. These results strengthen the notion that ATL2 is not 
involved in growth processes in the conditions used here. 
 
 
Figure 4.16 Biomass measurements of wild-type Col-0 and atl2 3-weeks old (top) and 7-weeks old (bottom) plants. 























































































4.3.10 Auxin sensitivity in atl2 
Auxin is known to have a critical role in the coordination of growth, developmental and behavioural 
processes in plants such as cell elongation and cell division, phototropism, hydrotropism, vascular 
development and root growth initiation (Woodward and Bartel, 2005, Gutierrez, 2009). Treatment of 
CDC2::CYCB1;1 transgenic seedlings with IAA, the most potent native auxin in plants, resulted in 
accelerated growth and development  of lateral roots (Doerner et al., 1996). Also, auxin-inducible genes are 
known to contain an auxin response element (AuxRE) that confers specificity to auxin regulation (Ulmasov 
et al., 1995). The presence of such an element in the 5’ UTR of ATL2 prompted us to investigate whether 
ATL2 had any role in regulating auxin-driven root growth inhibition. In addition, auxin has been previously 
reported to induce ATL2 expression within 15 min (Martinez-Garcia et al., 1996); however, another report 
could not confirm this observation (Salinas-Mondragon et al., 1999). Here, the effect of auxin in the growth 
of atl2 seedlings was determined. atl2 seedlings were grown on MS media supplemented with different 
concentrations of IAA, the most potent native auxin in plants, and seedling growth quantified by measuring 
root length after 7 days. As shown in Figure 4.17, atl2 seedlings behaved similarly to the wild-type control. 
These results suggest that loss of ATL2 does not confer hypersensitivity or increased resistance to auxin 
under the conditions used. Also, no other developmental differences were observed between wild-type 




Figure 4.17 Auxin (IAA) induced root growth inhibition in Col-0 and atl2. Seedlings were grown for 7 days in MS square 
plates supplemented with different concentrations of IAA. Data are expressed as percentages of root growth 
inhibition at the different IAA concentrations calculated relative to the root length of seedlings grown in media 




























4.3.11 Susceptibility of atl2 plants to Pseudomonas syringae infection 
As discussed before, the available evidence suggests that ATL2 may be involved in plant defense responses. 
In addition, JA production during isoxaben treatment is altered in atl2 mutants in comparison to wild-type 
plants, implicating ATL2 in JA-regulated pathways. Previously, coi1 mutants have been shown to be 
impaired in JA signaling and to exhibit reduced susceptibility to PstDC3000 (Feys et al., 1994, Kloek et al., 
2001). PstDC3000 infects tomato and Arabidopsis by entering the host tissues (usually the leaves) through 
wounds or natural openings such as stomata. The bacteria then multiply to high population levels in the 
apoplast and create water-soaked lesions and chlorosis on the infected leaves, which eventually become 
necrotic. The Arabidopsis-P. syringae model system has been widely used to study the mechanisms 
underlying plant recognition of pathogens, signal transduction pathways involved in plant defense 
responses, host susceptibility and pathogen virulence and avirulence determinants. Importantly, plant 
hormones are known to play a crucial role during bacterial infection, JA being involved in the regulation of 
plant resistance against necrotrophic pathogens. Here, PstDC3000 was used to assess the susceptibility of 
atl2 plants to bacterial infection. To achieve this, 5-6 weeks old atl2 plants were leaf infiltrated with a 
bacterial culture of PstDC3000 at a 2.5 x 106 cfu/ml concentration (the level of inoculum was decided after 
personal communication with Dr. Jasmine Pham, Imperial College London, who tested a range of different 
inocula) and bacterial populations quantified. Preliminary results are shown in Figure 4.18. At 1, 3 and 5 
dpi, atl2 plants appeared to be more susceptible to the infection, with a more than 4-fold increase in colony 




Figure 4.18 Colony forming units (cfu) per cm
2
 of leaf tissue in wild-type Col-0 and atl2 plants at 1, 3 and 5 days post 
inoculation (dpi).  Leaves were inoculated with a PstDC3000 suspension culture at a 2.5 x 10
6
 cfu/ml concentration as 

























Previous reports have described the transient activation of ATL2 gene expression upon elicitors such as 
cycloheximide, chitin or cellulases. The observation that ATL2 transcription is activated by cycloheximide 
could mean that ATL2 is under the transcriptional control of an unstable repressor protein. Here, isoxaben 
was found to produce a similar effect, causing an increase in ATL2 transcripts early after its addition 
followed by a reduction in the levels of expression from 4-6 h onwards. This was shown in microarray gene 
expression profiling experiments performed by Hamann et al. (2009) and validated here by quantitative RT-
PCR and pATL2::GUS promoter reporter constructs. In comparison to the above mentioned elicitors, 
isoxaben appears to have a delayed and slightly more prolonged effect on ATL2 transient expression since 
an elevation in ATL2 transcript levels was only detected 75 min after the start of the treatment, whereas 
chitin and inactivated cellulase preparations caused an accumulation of ATL2 mRNAs 15 min after the 
chemicals addition (Salinas-Mondragon et al., 1999). In turn, an accumulation of ATL2 mRNAs up to 6 h 
after isoxaben addition was observed here, with transcripts levels only starting to decrease after that time-
point. As mentioned previously, chitin is a component of fungal cell walls that consists of N-
acetylglucosamine, a derivative of glucose which is readily hydrolysed into smaller fragments by plant 
chitinases upon pathogen attack (Kurosaki et al., 1988). The more rapid induction of ATL2 gene expression 
by chitin and cellulases may be due to a different recognition mechanism occurring at the cell wall 
compared to the case of isoxaben. The hydrolysed molecules released upon exposure to chitin may result 
in a direct activation of defense mechanisms at the surface of the plant cell wall, whereas the presence of 
isoxaben, which inhibits cellulose biosynthesis by affecting CESA complex activity, resulting in reduced 
levels of cellulose, may not require a cellular response as prompt as the one caused by chitin or inactivated 
cellulases.  Nevertheless, chitin shows an overlap with some of the responses observed with isoxaben, since 
in carrots and wheat, chitin has been shown to induce the accumulation of phenolic acids, precursors of 
lignin, leading to ectopic lignification in a similar way to isoxaben (Kurosaki et al., 1986, Barber et al., 1989). 
This could be part of a general biotic stress response. However, it should be noted that the earliest time-
point tested here was 30 min. At this time-point, a significant increase in the expression level of ATL2 was 
not detected. It is possible that, as with chitin and cellulase, ATL2 gene expression is activated at an earlier 
stage and deactivated after 30 min. In order to dissect this issue further, a more complete time-course 
analysis can be performed to determine the accumulation of ATL2 transcripts at earlier time-points. 
 
Interestingly, JA was shown to transiently induce ATL2 gene expression. In comparison to isoxaben, the 
activation of gene expression was not as strong and ATL2 transcripts accumulation seemed to decrease 
earlier than in the isoxaben treatment. The addition of both isoxaben and MeJA caused a similar degree of 
ATL2 gene expression activation up to 2 h as isoxaben alone, but subsequently MeJA seemed to attenuate 
the elevation in gene expression caused by isoxaben. This is in agreement with the observation that JA has 
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an inhibitory effect on the action of isoxaben, in particular during the isoxaben-induced ectopic lignification 
(Denness et al., 2011). In this case, MeJA appears to counteract the increase in ATL2 gene expression 
caused by isoxaben. As mentioned before, CWD-induced lignin deposition has been shown to be regulated 
by a two phase response, where JA production is induced at approximately 4-6 h after the start of the 
treatment, being involved in the late stage response (Denness et al., 2011). In the experiments described 
here, the presence of JA in early stages of the response to isoxaben may result in acceleration of the plant 
response to CBI, thereby leading to a downregulation of ATL2 expression earlier than in the isoxaben 
treatment alone. In turn, it is possible that JA and ATL2 are part of a positive feedback loop where ATL2 
regulates JA production during CBI. This model is illustrated in Figure 4.19. ATL2 could activate the JA 
pathway until a certain threshold required for the response to isoxaben is reached, which in turn could feed 
back into gene expression regulation and reduce ATL2 gene expression levels. This hypothesis is supported 
by the observation that JA production in atl2 seedlings upon CBI is reduced in comparison to wild-type, 
suggesting that ATL2 is involved in the JA biosynthesis pathway regulation in these conditions. Additionally, 
the levels of JA production in mock-treated seedlings were shown to be lower in the mutant compared to 
wild-type, suggesting that a lower level of JA production after isoxaben treatment could possibly be due to 
this difference. In terms of fold change between mock and isoxaben treatments in each genotype, a similar 
value was observed (~25 fold increase), highlighting the hypothesis that ATL2 is required for JA production 
also in the absence of isoxaben. 
 
Together, these observations show that ATL2 and JA positively affect each other’s regulation. As discussed 
before, JA has been described to inhibit lignin deposition upon CBI (Denness et al., 2011). In the 
experiments described here, the level of lignin deposition was analysed in atl2 seedlings treated with 
isoxaben and compared to wild-type. The degree of ectopic lignification seemed to be higher in atl2 
seedlings, after 24 h of isoxaben treatment, across the specimens examined (N ≥ 20, three independent 
experiments). This observation is in agreement with the lower level of JA hormones detected, 
strengthening the hypothesis that ATL2 is involved in the JA levels-dependent CWD-induced lignification 
response. However, it should be mentioned that the lignin deposition analysis is qualitative, being based on 
parameters such as intensity, area and pattern of phloroglucinol staining. Quantitative methods that 
accurately determine the level of lignin deposition would allow a more robust and precise analysis of lignin 
deposition. Although no attempts have been made in Arabidopsis seedlings before, ionic liquids-based 
extraction and quantification of lignin could be used (Fu et al., 2010). This method could be particularly 
useful when dramatic changes are not visually detectable between samples, as in the case of atl2 seedlings 
compared to wild-type. Alternatively, image analysis software could be used as well to quantitatively 
characterize the level of ectopic lignification. In addition, it is noteworthy highlighting the temporal 
discrepancy between the JA and the lignin effects detected. Because JA accumulation in atl2 seedlings was 
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lower than wild-type after 7 h of isoxaben treatment, it would be expected that this would cause an 
increase on the degree of ectopic lignification at 12 h already. However, no effect on the lignin deposition 
after 12 h could be visualized. Again, a quantitative analysis of lignin deposition is required to more 
accurately help elucidating this issue. 
 
 
Figure 4.19 Model of the feedback regulation loop between JA and ATL2 during isoxaben-induced cell wall damage 
(CWD). This model is based on the model described by Denness et al. (2011) (Figure 1.8, page 56). During the 
transition between the early and late stage responses, ATL2 and JA are involved in a feedback regulation loop 
mechanism in which ATL2 accumulation threshold levels determine the activation or repression of ATL2 expression by 
JA, whose accumulation in turn is induced by ATL2. The interaction between JA and ATL2 ultimately impinges on the 
regulation of lignin deposition. 
 
A possible role of ATL2 in developmental and growth processes was investigated as well. Unstable mRNAs 
often encode key regulators such as transcription and growth factors requiring tight regulation since the 
short half-lives of these transcripts facilitate rapid changes in mRNA abundance which can be critical for 
normal cellular functions (Feldbrugge et al., 2002). EL5 from rice represents an excellent example 
illustrating this, since it has been shown to be involved in root development through maintenance of cell 
viability (Koiwai et al., 2007). EL5 contains a RING-H2 domain protein and exhibits common structural 
features with the ATL gene family members from Arabidopsis. ATL2 and EL5 share a protein sequence 
identity of 31%. Like ATL2, EL5 gene transcripts transiently accumulate upon treatment with biotic elicitors 
(Takai et al., 2001). Global pATL2::GUS expression pattern in wild-type plants suggested that ATL2 is 
abundantly expressed in seedlings, including root, hypocotyl, shoot apical meristem and cotyledons, being 
markedly visible in the vasculature. These results are in accordance with previous findings (Serrano and 
Guzman, 2004, Serrano et al., 2006). Consistently, in mature plants, pATL2::GUS was shown to be expressed 






sepals. These observations show that ATL2 is expressed in most of Arabidopsis plant tissues, suggesting 
that it may be involved in general processes. Concomitant with this, publicly available expression data 
suggest that ATL2 is constantly expressed throughout all different plant developmental stages. Despite 
these observations, no growth phenotypes were detectable in atl2 plants at any stage throughout 
development, confirming previous reports (Serrano et al., 2006). Moreover, atl2 seedlings transferred to 
media with isoxaben did not show any type of hypersensitivity or increased resistance towards the 
chemical in terms of seedling growth, resembling the wild-type. Since ATL2 is a member of a large gene 
family, this could be due to genetic redundancy. 
 
Cell cycle progression during cellulose biosynthesis inhibition was investigated here. A cell cycle marker 
line, CYCB1;1::GUS, was used to determine the effect of isoxaben on the progression of cell cycle, reflected 
on the activity levels of the GUS reporter protein fused to CYCB1;1, a mitotic cyclin expressed preferentially 
in dividing cells (Hemerly et al., 1992). The level of activity was analysed by visual examination of pictures of 
seedlings stained with GUS staining, and different parameters were considered: area, intensity and pattern 
of the stained region in the seedlings root tips. This method produced a qualitative analysis of different 
levels of CYCB1;1::GUS activity, thereby allowing interpreting the data generated. However, no firm 
conclusions can be taken before a quantitative analysis is performed. In order to achieve this, stained cells 
in each root tip can be counted on high magnification and high resolution pictures and different treatments 
compared. Alternatively, quantification of GUS staining by using imaging software or by means of the MUG 
fluorometric assay can be performed (Jefferson et al., 1987). Additionally, semi-quantitative measurements 
of protein levels can be achieved by performing western blot by using antibodies against GUS in the control 
and mutant lines. These strategies are expected to increase the precision and veracity of the data 
generated. 
 
Addition of isoxaben to CYCB1;1::GUS seedlings resulted in the inhibition of CYCB1;1::GUS activity. This 
observation supports the previous findings that CBI causes a downregulation of cell cycle genes (Hamann et 
al., 2009) (Appendix XI). Compared to the microarray-derived data, which suggests a downregulation of 
CYCB1;1 after 12 h of isoxaben treatment, the results presented here show that at 6 h the activity levels of 
CYCB1;1::GUS are already reduced. These observations support the notion that cell cycle proteins are 
regulated at the post-translational level. B-type cyclins such as CYCB1;1 are known to be inactivated 
through proteolysis performed by a multisubunit ubiquitin protein ligase, termed the anaphase-promoting 
complex APC/C,  whose activity is precisely regulated to ensure the timely degradation of cyclins and other 
key cell cycle regulators (Peters, 2002, Harper et al., 2002). Degradation of B-type cyclins is dependent on a 
specific sequence element in its N-terminal region, termed the destruction box (D-box) (Glotzer et al., 1991, 
Yamano et al., 2004). 
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Isoxaben is known to inhibit primary cell wall formation in elongating cells (Lefebvre et al., 1987, Tsang et 
al., 2011). For this reason, cell cycle arrest in isoxaben treated seedlings could be expected, as newly 
formed cells necessarily require formation of new cell wall. However, the deficiency in cellulose content per 
se has been shown to be independent from the mechanisms regulating inhibition of cell elongation in 
cellulose deficient mutants or upon isoxaben treatment (Hematy et al., 2007, Tsang et al., 2011). An ACC 
biosynthesis-dependent signaling mechanism has been suggested to be responsible for mediating inhibition 
of cell elongation in the presence of isoxaben (Tsang et al., 2011). Therefore, it is conceivable that a 
dedicated signaling mechanism, possibly overlapping with the ACC biosynthesis dependent process, is 
involved in the inhibition of cell cycle progression during CBI. However, it is not known how this system 
functions. 
 
Additionally, it was investigated whether providing osmotic support to isoxaben treated seedlings had any 
effect on the isoxaben-induced cell cycle inhibition. Previous observations have shown that isoxaben-
induced lignin deposition and carbohydrate redistribution can be suppressed by providing osmotic support 
with sorbitol or PEG (Hamann et al., 2009, Wormit et al., 2012). Here, it was shown that inhibition of cell 
cycle progression by isoxaben can be counteracted by supplementing the media with PEG, since activity 
levels of CYCB1;1::GUS were similar to activity levels in mock treated seedlings 6 h after isoxaben addition. 
These results show that, despite defects in the cell wall, cell cycle can still proceed. This observation further 
strengthens the hypothesis that there is a general mechanism that perceives the initial stimulus, in this 
case, isoxaben-induced CWD, that may be based on a plasma membrane stretch due to variations in turgor 
pressure. Furthermore, it suggests that the signaling mechanisms triggering all the above responses to 
isoxaben, including lignin deposition, redistribution of carbohydrates and cell cycle inhibition, involve a 
single common pathway, or different response pathways can be activated by the same turgor pressure 
sensitive mechanism. 
 
Addition of MeJA has previously been shown to cause downregulation of cell cycle M-phase associated 
genes, including CYCB1;1, in Arabidopsis cell suspension cultures after 6 h (Pauwels et al., 2008). Also, it has 
been reported that wound-induced jasmonates inhibit growth by inhibiting mitosis (Zhang and Turner, 
2008). Wounding (which results in JA production) and addition of MeJA to Arabidopsis leaves were shown 
to reduce the mitotic index and activity of CYCB1;2::GUS in 12-d old seedlings transferred to media with 
MeJA after 6 h, the reduction being clearly visible after 12 h. JA and its derivatives (jasmonates) are fatty 
acid-derived hormones common in the plant kingdom (Wasternack, 2007). They act as modulator elements 
in many developmental processes such as fertility, sex determination, root elongation and fruit ripening, 
and are also potent signals activating plant defenses against pathogens, wounding, abiotic stresses and, as 
discussed previously, CWD (Fonseca et al., 2009, Denness et al., 2011). Thus, it has been suggested that 
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jasmonates play a critical role in the adaptation of cellular processes upon alterations in normal conditions, 
contributing to prioritize defense responses rather than promoting plant growth by transcriptionally 
reprogramming the cells to activate defense pathways and arrest cell cycle and growth (Fonseca et al., 
2009, Pauwels et al., 2008, Zhang and Turner, 2008).  
 
Here, the effect of MeJA on cell cycle progression was determined by analysing activity levels of 
CYCB1;1::GUS upon addition of MeJA. Surprisingly, and opposite to the above observations, MeJA 
apparently did not inhibit cell cycle progression since a slight increase of CYCB1;1::GUS activity in 
CYCB1;1::GUS seedlings was observed. Here, a 6 h time-point was analysed, but it is possible that at later 
time-points activity levels of CYCB1;1::GUS are reduced. Even more striking, the combined addition of both 
isoxaben and MeJA appeared not to change activity levels of CYCB1;1::GUS in comparison to the mock 
treatment, suggesting that MeJA can in fact suppress the isoxaben induced cell cycle inhibition. These 
results support the hypothesis that two signaling pathways (at least) may co-exist that regulate cell cycle 
progression, and that the MeJA-regulated pathway counteracts the pathway leading to cell cycle inhibition 
by isoxaben. These observations are not in accordance with the previously described results but they 
support the antagonistic action between isoxaben and MeJA during isoxaben-induced lignin deposition 
previously reported (Denness et al., 2011). The addition of PEG did not result in obvious changes in the 
activity levels of CYCB1;1::GUS upon addition of MeJA or both isoxaben and MeJA in comparison to the 
seedlings grown in media without PEG. Accordingly, MeJA has not been described to affect cell wall 
biosynthesis or to cause turgor pressure variations, and thus providing osmotic support most likely does 
not affect JA related processes. 
 
The function of ATL2 in cell cycle progression was investigated as well. Activity levels of CYCB1;1::GUS in 
atl2xCYCB1;1::GUS seedlings were shown to be elevated compared to the control. This observation places 
ATL2 as a negative regulator of cell cycle progression. Since CYCB1;1 is expressed preferentially in mitotic 
cells and its stronger expression correlates with enhanced growth, this observation suggested that ATL2 
could have a role in cell proliferation and/or growth processes (Doerner et al., 1996, Cockcroft et al., 2000). 
Determination of root growth and cell size revealed similar root length and cell size between wild-type and 
atl2 seedlings. Biomass measurements showed that atl2 plants do not differ from wild-type both in terms 
of fresh and dry weight at different developmental stages (3 and 7 weeks). Genetic redundancy could 
explain the lack of detectable phenotypes. In order to confirm the observed higher activity levels of 
CYCB1;1::GUS, quantitative RT-PCR was performed to determine expression levels of cell cycle genes in atl2 
seedlings. However, no conclusive results were achieved and therefore more experiments will be required 
to accurately characterize expression levels of cell cycle genes in atl2 seedlings. Because a similar 
phenotype was observed for AT5G43450 (see chapter 5), reasons that could explain the higher activity 
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levels of CYCB1;1::GUS in atl2xCYCB1;1::GUS seedlings will be discussed in conjunction with the results 
obtained for AT5G43450 in chapter 6 (General discussion). 
 
Because ATL2 gene expression is induced by isoxaben, it was determined whether ATL2 was involved in the 
isoxaben-induced cell cycle inhibition process. The results obtained suggested that atl2xCYCB1;1::GUS 
seedlings exhibited a similar level of CYCB1;1::GUS activity reduction like the control upon isoxaben 
treatment. Similarly, the role of ATL2 in the osmotic support-based suppression of cell cycle arrest was 
investigated. Exposure of atl2xCYCB1;1::GUS seedlings to isoxaben in media containing 5% PEG suppressed 
CYCB1;1::GUS activity, similarly to CYCB1;1::GUS seedlings. 
 
In atl2xCYCB1;1::GUS seedlings, a substantial increase of CYCB1;1::GUS activity upon addition of MeJA was 
observed. Apparently, this effect was not translated into increased resistance of atl2 seedlings to inhibition 
of root growth in the presence of MeJA. However, it should be noted that a concentration of 200 µM was 
used for the cell cycle marker experiments (this concentration was determined based on the cell cycle 
experiments described by Pauwels et al. (2008)), whereas the highest concentration tested in the root 
growth assay was 50 µM. Testing a concentration of 200 µM in the root growth assay could further add 
relevant information about the interaction of ATL2 and JA. Furthermore, and as discussed above, exact 
quantification is required to determine the increase in the activity of CYCB1;1::GUS upon addition of MeJA 
in atl2xCYCB1;1::GUS in order to allow comparison with the effect observed in CYCB1;1::GUS seedlings 
treated with MeJA. Together, these observations suggest that ATL2 is a negative regulator of cell cycle 
progression and that it is involved in the JA modulation of cell cycle progression. 
 
Most of the RING domain-containing proteins are known to be involved in ubiquitination processes 
(Deshaies and Joazeiro, 2009). Examples include proteins involved in several distinct cellular processes, 
such as DNA repair (RAD18), endoplasmic reticulum-associated protein degradation (HRD1), or cell cycle 
progression (APC11) (Bailly et al., 1997) (Bordallo et al., 1998, Zachariae et al., 1998). Interestingly, the 
RING-H2 domain-containing protein EL5 is an E3 ubiquitin ligase that has been shown to be involved in root 
development in an E3 activity dependent manner (Takai et al., 2002, Koiwai et al., 2007). Accordingly, more 
than 70% of the 64 Arabidopsis RING proteins were shown to exhibit E3 ligase activity in an in vitro 
ubiquitination assay when expressed in E. coli (Stone et al., 2005). As mentioned before, in the same assay, 
while most of the RING-H2 type proteins showed E3 ligase activity, ATL2 did not, suggesting that ATL2 is not 
involved in ubiquitination processes. Several RING proteins do not exhibit intrinsic E3 activity but have been 
shown to interact with a second RING domain protein that does, and heterodimer formation greatly 
stimulates E3 activity of the latter (Hashizume et al., 2001, Wang et al., 2004, Linares et al., 2003). These 
results suggest that E3 ligase activity might be dependent on the interaction with a partner in some cases. 
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Interestingly, eca mutants, which exhibit constitutive expression of ATL2, show a 6-fold induction in the 
level of expression of ATL17, a RING-H2 domain-containing protein (Serrano and Guzman, 2004). Analysis 
based on BLAST searches on Uniprot database showed that ATL2 shares a protein sequence identity value 
of 46% with ATL17, the latter being the most similar protein to ATL2 in Arabidopsis. This suggests that 
ATL17 may be involved in the same biological function as ATL2. As mentioned before, ATL17 has also been 
shown to be transiently induced by isoxaben (Hamann et al., 2009) (Figure 1.10, page 62, AT4G15975). It is 
possible that ATL2 forms heterodimers with ATL17 and that together they are involved in ubiquitination 
reactions. However, this hypothesis is purely speculative. Determining whether ATL2 interacts with ATL17 
and if they exhibit E3 ubiquitin ligase activity will help clarifying this issue. Preliminary experiments using 
atl2atl17 double mutants, which were generated in the context of this project, suggested that there are no 
obvious developmental or growth phenotypes, but more in depth studies are required. 
 
Plant hormones are known to play a crucial role during bacterial infection. JA and SA seem to be involved in 
an antagonistic relationship that modulates plant defenses, with JA being involved in resistance against 
necrotrophic pathogens while SA primarily acts on the defense towards biotrophic pathogens. However, 
evidence of synergistic interactions has also been presented (Bari and Jones, 2009, Schenk et al., 2000, Mur 
et al., 2006). These contrasting results suggest that the defense mechanisms activated by plants depend on 
the nature of the pathogen and its mode of infection. Plants need to cope with different pathogens and 
pests and it is conceivable that plants utilise complex regulatory pathways involving hormones cross-talk in 
order to tailor their defenses to specific pathogens. However, the way by which this modulation occurs is 
not fully understood. In the experiments described here, and since preliminary results support the 
implication of ATL2 in defense responses and ATL2 has a role in JA regulation, it was determined whether 
atl2 plants showed increased infection susceptibility or resistance to a plant bacterial pathogen. atl2 plants 
exhibited an increase in susceptibility to the Arabidopsis bacterial pathogen PstDC3000, although this 
difference was not found to be statistically significant as determined by the Student’s t-test, and therefore 
more experiments are necessary to confirm this observation. During PstDC3000 infection in Arabidopsis, 
the bacteria produce coronatine, a phytotoxin molecule that mimics JA-Ile and triggers the activation of the 
JA-dependent defense pathway, leading to the suppression of the SA-dependent response, which permits 
bacterial growth (Cui et al., 2005, Laurie-Berry et al., 2006). Coronatine acts by targeting the F-box protein 
COI1. The latter, in the absence of JA does not fulfil its role as part of a Skp/Cullin/F-box complex (SCFCOI1), 
which acts as an E3 ubiquitin ligase and therefore does not degrade the jasmonate ZIM domain (JAZ) 
proteins (Xu et al., 2002). These proteins (in the absence of JA) suppress JA signaling by interacting with 
MYC2, MYC3 and MYC4, which are transcriptions factors regulating the JA pathway (Lorenzo et al., 2004, 
Fernandez-Calvo et al., 2011). In the presence of JA-Ile, or coronatine, COI1 leads to the degradation of JAZ 
proteins, therefore de-repressing the JA signaling pathway (Katsir et al., 2008). This supports the earlier 
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observations that coi1 mutants are impaired in JA signaling and exhibit reduced susceptibility to PstDC3000 
(Feys et al., 1994, Kloek et al., 2001). It is conceivable that ATL2 “integrates” information necessary to 
properly activate the JA dependent response to bacterial infection. As mentioned before, some of the 
isoxaben-induced CWD and pathogen attack responses seem to overlap, at least in respect to callose 
deposition and  increases in ROS, JA and SA levels (Lamb and Dixon, 1997, Huckelhoven, 2007, Ellis and 
Turner, 2001, Denness et al., 2011, Hamann et al., 2009). During isoxaben treatment, production of JA and 
SA in atl2 seedlings seems to be reduced compared to wild-type. Susceptibility of atl2 to PstDC3000 
infection appeared to be higher than in wild-type, suggesting that elevated levels of JA are produced during 
infection.  This could mean that although some of the responses triggered by pathogen attack and CWD 
overlap, others do not. Determining the levels of JA and SA production in infected wild-type and atl2 plants 
could help to clarify the differences between CWD and pathogen attack in terms of hormones interaction in 
both contexts. These observations suggest that different signaling pathways involving JA and SA are 
involved in the responses to CWD and PstDC3000. One possible explanation for this is that, as mentioned 
before, JA seems to be involved in defense responses to necrotrophic pathogens while SA has a role in 
defense mechanisms against biotrophic pathogens (Bari and Jones, 2009). Biotrophs feed on living host 
tissue, whereas necrotrophs kill host tissue and feed on the remains (Glazebrook, 2005). Although 
fundamentally different, isoxaben-induced CWD may share more similarities in terms of cell wall damage to 
necrotrophic pathogen attack than to biotrophic pathogens like PstDC3000. In this context, different 
signaling pathways may be involved in the two different situations. Performing pathogen assays using 
necrotrophs to infect atl2 plants could provide further information on this matter. 
 
Analysing the sub-cellular localization of ATL2 could provide further insights about ATL2 biological function. 
Here, transgenic plants expressing an ATL2::GFP fusion protein under the control of the 35S constitutive 
promoter were generated. However, no fluorescence signal could be detected in T1 transgenic lines. The 
inserted fragment was shown to be error-free by sequencing, suggesting that a functional protein is 
present in the transgenic lines (Appendix XIX). The functionality of the 35S promoter does not seem to be 
affected in the binary vector used to express ATL2::GFP, since the same plasmid was used to clone 
AT5G43450 and resulted in overexpression of the latter. It is possible that mutations occurred after 
introducing the construct into Agrobacterium cells that may have introduced errors in the 35S promoter or 
in the fusion protein, thereby impeding its expression or the formation of a functional protein. Transgene 
silencing is another possible cause for the absence of ATL2::GFP expression; however, this hypothesis 
seems unlikely since 9 different independent primary transformant lines were analysed. 
 
atl2 complementation lines generated could not be analysed due to time limitations. In this project, atl2 
plants derived from one single T-DNA insertion line were used. Therefore, in order to determine that the 
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results achieved are not due to genomic position effects of the T-DNA transgene, atl2 complementation 
lines are required to confirm the results. 
 
In conclusion, I have shown here that ATL2 expression is transiently activated during isoxaben treatment. 
Furthermore, ATL2 gene transcripts were shown to be transiently induced by JA as well. Global gene 
expression pattern analysis showed that ATL2 is expressed in most of the plant tissues in seedlings and 
adult plants. In addition, ATL2 and JA were shown to be involved in a feedback regulation loop during CBI 
that ultimately has an impact on the regulation of ectopic lignin deposition caused by isoxaben. Together, 
these observations show that ATL2 has a role in the isoxaben-induced response to cell wall damage by 
impinging on the lignin deposition regulation through its interaction with JA. Results from the analysis of 
atl2xCYCB1;1::GUS lines showed that ATL2 is a negative regulator of cell cycle progression. Nevertheless, 
cell size and cell proliferation, as well as growth, did not seem to be affected in atl2 plants. It was 
determined that isoxaben inhibits cell cycle progression and that providing osmotic support suppresses that 
effect. This observation strengthens the hypothesis that a turgor pressure sensitive mechanism perceives 
isoxaben-induced CWD. Surprisingly, MeJA was found to counteract cell cycle progression inhibition caused 
by isoxaben. ATL2 seems to have a role in this process since MeJA substantially induced activity of 
CYCB1;1::GUS in atl2xCYCB1;1::GUS seedlings. This suggests that ATL2 is a negative regulator of cell cycle 










































5 Functional characterization of AT5G43450 
5.1 Introduction 
The AT5G43450 gene encodes a protein with 362 amino acids and a molecular weight of 41 KDa, whose 
function is unknown. It is described in The Arabidopsis Information Database (TAIR) as a protein whose 
sequence is similar to ACC Oxidase (1-Aminocyclopropane-1-Carboxylate Oxidase), and classified as ACC 
Oxidase homologue 10 in the Uniprot database. It contains a 2-oxoglutarate- and iron-dependent 
dioxygenase domain, which is 100 amino acids long and is located between the central region and the C-
terminus of the protein (Appendix XIII). ACC oxidase is the enzyme involved in the last step of ethylene 
biosynthesis (Wang et al., 2002). 
 
5.1.1 The 2-oxoglutarate- and iron-dependent dioxygenase enzyme 
2-Oxoglutarate- and iron-dependent dioxygenases (2OG-(FeII) dioxygenases) are a large superfamily whose 
members are widespread in eukaryotes and bacteria and catalyze a diverse range of biological reactions 
commonly involving the oxidation of an organic substrate using a dioxygen molecule. The first member of 
this family to be described as catalyzing this reaction was IPNS from the fungus Cephalosporium 
acremonium (Roach et al., 1995). The active site structure revealed the presence of three metal ligand 
binding residues located in a highly conserved Hx(D/E)xnH motif, also present in AT5G43450 (Error! 
eference source not found.), that is part of a characteristic double-stranded β-helix (DSBH) fold and two 
sets of four anti-parallel β-sheets forming a sandwich-like structure, also referred to as jelly roll motif. In 
this class of enzymes, the co-substrate of the enzymatic reaction, most commonly 2-oxoglutarate (2OG), is 
bound within a spacious hydrophobic cavity formed by the interior of the DSBH fold, and provides the two 
electrons required for the oxygen reduction. Roach et al. (1995) proposed that such a structural design (an 
FeII-binding site within an unreactive hydrophobic cavity) is most likely a requirement for this type of 
enzymes because it allows the separation of the reactive complex and subsequent intermediates from the 
external environment. This allows the reaction to be channelled through a single path, avoiding the 
possible side reactions of the highly reactive species resulting from the reduction of the oxygen atoms. The 
most common type of reaction catalysed by 2OG oxygenases is hydroxylation, although they can perform 
other types of oxidative reactions such as desaturation, ring closure, epimerization, chlorination or 
epoxidation (Clifton et al., 2006). The general mechanism of the enzymatic reaction involves the oxidative 
decarboxylation of 2OG by reaction with dioxygen to generate carbon dioxide, succinate and a reactive 
oxidizing species that mediates substrate oxidation. The activity of 2OG-dependent dioxygenases seems to 
depend on the presence of FeII since, thus far, all proteins included in this family have been found to 
require this metal as a cofactor for oxygen reduction, although structurally related enzymes with a similar 
type of DSBH fold can use other metals as cofactors (Clifton et al., 2006). However, it is known that not all 
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the identified 2OG-(FeII) oxygenases use 2OG as the co-substrate. Such examples come from the mentioned 
IPNS which catalyzes the oxidation of a tripeptide to give the bicyclic penicillin nucleus, or the plant ACC 
oxidase enzyme which uses ascorbate or bicarbonate instead of 2OG (Baldwin et al., 1990, Moyaleon and 
John, 1995). 
 
5.1.2 Biological functions of 2OG-(FeII) oxygenases 
2OG-(FeII) oxygenases have been shown to catalyze a wide range of oxidation reactions in most living 
organisms. In this context, several findings have generated interest in the genetic manipulation of these 
enzymes for medicinal benefit. In animals, important post-translational modifications to collagen are 
catalyzed by 2OG oxygenases, which stabilize the collagen triple helix structure (Jenkins and Raines, 2002). 
The activity and degradation of HIF, which is involved in regulating blood cell levels and blood vessel 
formation, is regulated post-transcriptionally by 2OG oxygenases, and the requirement of oxygen for these 
2OG proteins as a co-substrate allows animals to respond to hypoxia (Coleman and Ratcliffe, 2007). The E. 
coli ALKB 2OG oxygenase has been shown to catalyze the repair of methylated single-stranded DNA, and 
this finding makes the eight human ALKB homologs suitable targets for anti-tumor therapies (Dinglay et al., 
2000). In the case of plants, different proteins have been identified as being involved in 2OG dependent 
reactions, with about 100 2OG enzymes being predicted to be encoded in Arabidopsis (Wilmouth et al., 
2002). During fatty acid metabolism in plants, a 2OG oxygenase catalyzes an important step in the oxidation 
degradation pathway for the chlorophyll side chain phytanic acid (Schofield and McDonough, 2007). Other 
2OG enzymes are involved in the biosynthesis of anthocyanin compounds, which are members of the 
flavonoid family of plants secondary metabolites. These molecules are the primary colour pigments in 
flowers and appear to have a fundamental role in environmental interactions and, in addition, have long-
established biomedicinal properties, such as cell proliferation inhibition, antimutagenic, antimicrobial and 
anti-inflammatory (Saito et al., 1999, Wilmouth et al., 2002, Martens et al., 2010). Another important 2OG 
enzyme in plants is the ACC oxidase, which converts ACC into ethylene (Wang et al., 2002), with whose 
Arabidopsis homologues AT5G43450 protein shares the highest identity levels based on BLAST searches 
(Figure 5.1). A potential link between 2OG enzymes and plant defense mechanisms comes from the 
Arabidopsis DMR6, which encodes a 2OG oxygenase, and has been identified in a loss-of-susceptibility to 
downy mildew infection mutant screen, where dmr mutants were found to be more resistant to infection 
by this pathogen (Van Damme et al., 2005). Another report showed that DMR6 is induced during infection 
with the same parasitic fungus and after a SA analog treatment, and that pathogenesis related genes are 





5.1.3  AT5G43450 as a putative ACC oxidase homologue 
As mentioned earlier, AT5G43450 is annotated as ACC oxidase homologue 10. An Arabidopsis BLAST search 
identified the ACC oxidase homologue 9 (AT5G43440) as the most similar protein to AT5G43450, with an 
amino acid sequence identity of 76% (Figure 5.1). Other homologues followed in the list sharing identities 
between 63% and 51%. An alignment between AT5G43450 and the Arabidopsis ACC oxidase (AT1G05010), 
also referred to as ACO4 and formerly known as EFE (ETHYLENE-FORMING ENZYME), indicates an identity 
value of 24% at the amino acid level between these proteins (Figure 5.2). When comparing the 2OG-(FeII) 
oxygenase domains of the same proteins the homology degree is higher (45%), indicating that this domain 
is the most conserved region (Figure 5.3). Compared to AT5G43450, ACC oxidase homologue 9 showed 
similar homology levels between its sequence and ACO4, suggesting that both AT5G43450 and AT5G43440 
have the same conserved domains as ACO4 (Appendix XIV). Despite these observations, there is no 











Figure 5.2 Amino acid sequence alignment between AT5G43450 and ACC oxidase (ACO4). 93 identical positions are 




Figure 5.3 Alignment between the 2OG-(Fe
II
) oxygenase domains of AT5G43450 and ACC oxidase (ACO4). 46 identical 
positions are identified and an identity value of 45% between the two domains is given. Data obtained from Uniprot. 
 
 
5.1.4 ACC oxidase in the ethylene biosynthesis pathway 
ACC oxidase is a 2OG-(FeII) dioxygenase enzyme that catalyses the last step in the biosynthesis of ethylene, 
turning ACC (1- aminocyclopropane-1-carboxylate) into ethylene, cyanide and carbon dioxide. As 
mentioned earlier, this reaction is dependent on the presence of ascorbate as a co-substrate, instead of the 
usual 2OG that most of the 2OG dioxygenases require, and, uniquely for the family, bicarbonate or carbon 
dioxide are necessary as activators (Moyaleon and John, 1995). ACC oxidase was first isolated from tomato 
by cloning its cDNA into yeast cells, which became able to convert ACC into ethylene (Hamilton et al., 
1991). Being a 2OG dioxygenase, it contains the highly conserved metal ligand residues, located as HxDxnH, 
and early reports demonstrated that substitutions of H177, D179 and H234 with other amino acids resulted 
in the complete loss of catalytic activity of the apple ACC oxidase (Shaw et al., 1996).  
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5.2 Bioinformatics based analysis of AT5G43450 
The Genevestigator database was used to investigate where and when AT5G43450 is expressed at the 
tissue level. It is expressed across all developmental stages at a low to medium level, being more expressed 
at the rosette and flowering stages, and least expressed at the germination stage (Figure 5.4). In addition, 
in studies performed in tissue culture, guard cell protoplasts and root culture cells showed to express 
AT5G43450 at slightly higher levels comparing to other cell types. In plants, AT5G43450 expression level is 
higher in sepal tissue (Appendix XV). 
 
 
Figure 5.4 AT5G43450 gene expression levels at the different developmental stages throughout Arabidopsis life cycle. 
Data obtained from the development tool of Genevestigator database. 
 
The presence of cis-acting elements in the promoter region of AT5G43450 that could have a role in its 
regulation and therefore in its function was investigated using AGRIS database. Consensus sequences 
present in the promoter region of AT5G43450 suggest the involvement of this gene in several distinct 
processes such as a possible role in the regulation of lignin biosynthesis and cell wall deposition, or a 
function in response to mechanical stimuli. In addition, other consensus sequences involved in many 








Table 5.1 Putative cis-elements acting in AT5G43450 gene regulation. 
Cis-element Consensus sequence 
(position in AT5G43450) 




aaattaaa (promoter) BELLRINGER is associated with BREVIPEDICELLUS, a protein 
involved in the regulation of lignin biosynthesis and cell wall 
deposition (Bao et al., 2004, Mele et al., 2003) 
ATHB2 binding 
site motif 
taataatta (promoter) HD-Zip homeodomain proteins are involved in many growth and 
developmental processes such as light response, auxin and ABA 
signaling, embryogenesis, leaf polarity, anthocyanin accumulation, 
trichome development, differentiation of epidermal cells or root 
development (Elhiti and Stasolla, 2009) 
RAV-1 binding 
site motif 
caaca (promoter) RAV-1 protein is transiently activated during touch-related 
mechanical stimuli and has a role in lateral root and rosette 
development and in flowering time (Kagaya and Hattori, 2009, Hu 
et al., 2004) 
 
5.3 Results 
The same approach as for ATL2 was taken to characterize AT5G43450. The genetic tools generated in 
chapter 3 were used to analyse the global expression pattern and the sub-cellular localization of 
AT5G43450. Knock-out, complementation and overexpression lines were used to perform studies to 
determine the biological function of AT5G43450. Global analysis of mutant and transgenic plants suggested 
the absence of any obvious or visible growth and developmental phenotypes at any stage of the plants life 
cycle. To determine whether AT5G43450 has a role in lignin deposition and in carbohydrates distribution 
during isoxaben treatment, lignification assays and measurements of soluble sugars and starch levels were 
performed. It was investigated whether AT5G43450 is involved in the ethylene biosynthesis and signaling 
pathways as well. In addition, the role of AT5G43450 in the inhibition of root cell elongation during 
isoxaben treatment was investigated, as well as its involvement in cell cycle regulation. Additionally, the 
involvement of AT5G43450 in the response to abiotic stresses such as salt, osmotic and dehydration 







5.3.1 Transient regulation of AT5G43450 during CBI 
In order to confirm the results from the time-course isoxaben treatment microarray data, real-time PCR 
was used. A similar time-course experiment was performed and the expression level of AT5G43450 was 
analysed at different time points (Figure 5.5). AT5G43450 expression was induced after 2 h of isoxaben 
addition, peaking at 6 h with a 2.5-fold increase being detected. From 8 h onwards, the levels of 
AT5G43450 mRNA transcripts started to decline, nearly reaching baseline levels after 12 h of treatment. 
This expression profile confirmed the previous results obtained by microarray analysis, reinforcing the 




Figure 5.5 Expression of AT5G43450 during CBI. Col-0 seedlings were grown for 6 days in liquid culture and treated 
with isoxaben at 0 h as described in Materials and Methods. (Top) Microarray data from Hamann et al. (2009) is 
shown for comparison with quantitative RT-PCR data. Dark line, isoxaben treatment (600 nM); dashed line, mock 
treatment. (Bottom) Validation of the microarray results by quantitative RT-PCR. Values are means ± SEM of two 












































5.3.2 AT5G43450 gene expression pattern 
The pAT5G43450::GUS promoter-reporter lines generated in chapter 3 were used to study the gene 
expression pattern of AT5G43450. Two independent primary transformant T2 lines that showed 100% 
resistance in selective media and one T1 line were used to perform histochemical analysis of 
pAT5G43450::GUS expression. The results shown in Figure 5.6 are representative of the pAT5G43450::GUS 
expression pattern observed for these lines. In seedlings, GUS staining was detected in the distal region of 
cotyledons and in the hypocotyl (Figure 5.6 A and B). In cauline leafs, pAT5G43450::GUS expression was 
detectable in the periphery, overlapping with trichomes (Figure 5.6 C). In the flowers, pAT5G43450::GUS 
seemed to be expressed only in sepals (Figure 5.6 D). In roots, stems, female and male reproductive organs, 
petals, siliques or seeds, no pAT5G43450::GUS expression was detected. 
 
 
Figure 5.6 Histochemical analysis of pAT5G43450::GUS expression in pAT5G43450::GUS transgenic lines. Seedlings (A-
B) and adult plants (C-D) were grown for 6 days in MS square plates and for 4 weeks in soil, respectively, as described 
in Materials and Methods. GUS staining was performed overnight. A, 6-d old seedling; B, enlarged image of selected 













The rescue2 complementation lines generated, which contain AT5G43450::CITRINE fusion protein under 
the control of the endogenous promoter, were used to investigate the distribution of AT5G43450::CITRINE 
by using confocal microscopy. The results are shown in Figure 5.7. AT5G43450::CITRINE was detected in the 
elongation zone of roots of 5-d old seedlings of one transgenic line.  
 
 
Figure 5.7 Confocal optical images of live root cells of at5g43450rescue2 seedlings expressing AT5G43450::CITRINE 
under the control of the endogenous promoter. Seedlings were grown for 5 days in MS square plates as described in 
Materials and Methods. Images are representative of results from 4-5 seedlings of one independent primary 














CITRINE channel Bright field Overlay
147 
 
5.3.3 Isoxaben-induced expression of AT5G43450 in promoter-GUS lines 
The pAT5G43450::GUS promoter-reporter lines generated in chapter 3 were used to examine the activation 
of AT5G43450 gene expression by isoxaben treatment in 6-d old seedlings. After 6 h of treatment, it was 
possible to observe a global slight increase in the level of pAT5G43450::GUS staining as noted by an 
increase in the cotyledon area stained, confirming AT5G43450 as an isoxaben-inducible gene (Figure 5.8). 
 
 
Figure 5.8 Histochemical analysis of pAT5G43450::GUS. GUS staining was performed on 6 h isoxaben-treated 
pAT5G43450::GUS seedlings grown for 6 days in MS square plates as described in Materials and Methods. MK, mock 




















5.3.4 Sub-cellular localization of AT5G43450 
The overexpression lines generated in chapter 3 were used to study the sub-cellular localization of 
AT5G43450 using confocal laser scanning microscopy (CLSM). For this, three independent primary 
transformants were used, and despite some variations in the AT5G43450::CITRINE signal intensity, all of 
them showed similar results in terms of localization of the reporter protein. The expression of the reporter 
protein was tested using wild-type Col-0 as a negative control. The AT5G43450::CITRINE fluorescence could 
be detected in the roots of the transgenic lines, but not in the wild-type, suggesting that the former were 
expressing the reporter gene as expected (Appendix XVII). In root cells of seedlings, AT5G43450::CITRINE 
fusion protein was clearly visible in the cytosol, apparently surrounding the vacuole of root cells. 
Additionally, AT5G43450::CITRINE signal appeared to be localized to the nucleus and plasma membrane 
(Figure 5.9). 
 
Figure 5.9 Confocal optical images of live root cells of AT5G43450ox seedlings expressing AT5G43450::CITRINE under 
the control of the 35S constitutive promoter. Seedlings were grown for 4-10 days in MS square plates as described in 
Materials and Methods. The CITRINE channel was colour coded yellow. Images are representative of three 
independent transgenic lines.  Arrowheads indicate nucleus, plasma membrane and cytosol localization in top, middle 
and bottom images, respectively. Scale bar = 30 µm. 
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Plasma membrane co-localization experiments were performed using the fluorescent dye FM4-64, which 
stains the outer layer of the plasma membrane initially and progressively enters the cells and stains 
organellar membranes (Bolte et al., 2004). Here it was used with the purpose of plasma membrane 
staining. As can be seen in Figure 5.10, the overlay channel suggests a co-localization of the 
AT5G43450::CITRINE and FM4-64 signals, as indicated by the orange colour.  
 
Additionally, nucleus co-localization experiments were performed as well using the fluorescent dye DRAQ5, 
which binds nucleic acids in live cells (Smith et al., 2000). Figure 5.11 shows that AT5G43450::CITRINE 
localizes to the nucleus, as indicated by the orange colour in the overlay channel. 
 
To determine whether the fluorescence signal observed in the different cell components was in fact 
produced by AT5G43450::CITRINE, a lambda scan was performed. CITRINE emission spectrum peaks at 529 
nm (as analysed using the Invitrogen Fluorescence SpectraViewer tool). The emission peak of the 
fluorescence signal observed in the different cell components was analysed (Appendix XVIII). The signal in 
the cytosol produced a pronounced peak at 528 nm, approximately the same as the CITRINE protein alone, 
confirming that the signal observed is generated by AT5G43450::CITRINE. As for the plasma membrane, a 
peak in the same emission region could be detected, although it was not as clear as the one detected in the 
cytosol fluorescence signal and appeared to be extended by another peak at 540 nm. The signal generated 
from the nucleus peaked at 525 nm with a mean intensity lower than the one observed in the cytosol. 
These results show that AT5G43450::CITRINE localizes to the cytosol, and suggest that it also localizes to 
the nucleus. However, the signal generated from the plasma membrane cannot be assigned to 
AT5G43450::CITRINE fluorescence with confidence. Plasmolysis experiments were performed in order to 
observe whether the signal generated still localized to the plasma membrane in plasmolysed cells. 
However, the disruption of the FM4-64 signal in these conditions did not allow conclusive results. The 






Figure 5.10 Confocal optical images of live root cells of AT5G43450ox seedlings expressing AT5G43450::CITRINE under 
the control of the 35S constitutive promoter. Seedlings were grown as above and stained with FM4-64 as described in 
Materials ans Methods. The CITRINE channel was colour coded yellow. The FM4-64 channel was colour coded red. 
Blue scale bar = 30 µm; white scale bar = 10 µm. 
 
 




Figure 5.11 Confocal optical images of live root cells of AT5G43450ox seedlings expressing AT5G43450::CITRINE under 
the control of the 35S constitutive promoter. Seedlings were grown as before and stained with DRAQ5 as described in 
Materials ans Methods. The CITRINE channel was colour coded yellow. The DRAQ5 channel was colour coded red. 
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5.3.5 Lignin deposition during CBI 
To investigate whether AT5G43450 is involved in lignin deposition caused by isoxaben, loss of function 
mutants, complementation and overexpression lines for AT5G43450 were exposed to isoxaben for 12 h and 
24 h and a lignification assay was performed by using phloroglucinol staining as before. As seen in Figure 
5.12, no dramatic differences were detected in all analysed genotypes at both time-points. The levels of 
ectopic lignin deposition in the seedlings of at5g43450, at5g43450rescue1 and AT5G43450ox resembled 
the levels observed in wild-type Col-0 seedlings. These observations suggest that AT5G43450 is not 
implicated in isoxaben-induced lignification in  the conditions used. 
 
 
Figure 5.12 Lignin deposition in (A) wild-type Col-0, (B) at5g43450, at5g43450rescue1 (C) and AT5G43450ox (D). 
Seedlings were grown for 6 days in liquid culture, treated with isoxaben for 12 h and 24 h and stained with 
phloroglucinol as described in Materials and Methods. MK, mock treated; ISX, 600 nM isoxaben. Images are 
representative of three independent experiments in the case of wild-type and mutant, and one experiment in the case 













5.3.6 Production of Jasmonic acid during CBI 
Because CBI induces JA production, and AT5G43450 appeared to be involved in the response to isoxaben, 
JA levels were quantified in wild-type Col-0 and at5g43450 isoxaben treated seedlings. To achieve this, JA 
was extracted from 6-d old seedlings treated with isoxaben for 7 h and quantified by liquid chromatography 
mass spectrometry (LC-MS/MS). As can be seen in Figure 5.13, no dramatic changes were detected in the 
levels of JA upon isoxaben addition between wild-type and mutant. This result suggests that AT5G43450 is 
not involved in the CWD-induced JA accumulation. Because JA inhibits lignin deposition during CBI, these 
results support the observation that ectopic lignification in at5g43450 isoxaben treated seedlings is not 
altered in comparison to wild-type. 
 
 
Figure 5.13 JA content in wild-type Col-0 and at5g43450. Seedlings were grown for 6 days in liquid culture and treated 
with isoxaben for 7 h as described in Materials and Methods. MK, mock treated; ISX, 600 nM isoxaben. Values are 
means ± SD of four biological replicates. Student’s t-test statistical analysis did not identify any significant differences 
































5.3.7 Role of AT5G43450 in isoxaben-induced cell elongation inhibition 
Cell elongation is a process that places a great demand on cell wall biosynthesis. Isoxaben is known to 
inhibit root cell elongation during the first hours of treatment, causing CESA6-YFP to disappear from the cell 
surface just after 20 min upon isoxaben addition (Tsang et al., 2011, Paredez et al., 2006). Because 
AT5G43450 gene expression is activated by CBI it was hypothesized that it may have a role in mediating the 
root cell elongation inhibition. This was analysed by a collaboration partner (Dr. Nuhse, University of 
Manchester). 4-d old seedlings were transferred to plates with media with or without isoxaben and the 
length of the first epidermal cell with a visible root hair bulge (LEH) was measured after 3 h (Tsang et al., 
2011). Due to the pre-established conditions set by previous experiments performed by the 
aforementioned collaborators, the concentration of isoxaben used in these experiments was 150 nM 
instead of the usual 600 nM. The results are shown in both raw values (Figure 5.14 top) and percentages of 
LEH reduction relative to each genotype control (Figure 5.14 bottom). 
 
As has been reported, the LEH of wild-type seedlings was found to be reduced by isoxaben (Tsang et al., 
2011). The degree of reduction in the LEH was found to be reduced in at5g43450 seedlings in comparison 
to wild-type, as the LEH was shown to be significantly higher than the LEH of isoxaben treated wild-type 
seedlings. In at5g43450rescue1 seedlings, the LEH upon isoxaben addition was still significantly higher than 
isoxaben treated wild-type seedlings, although not as high as the one detected in at5g43450 seedlings. In 
AT5G43450ox lines, the LEH in control seedlings was shown to be higher than the LEH in control wild-type 
seedlings, while upon isoxaben addition showed a significantly higher LEH in comparison to isoxaben 
treated wild-type seedlings. 
 
Calculating the percentages of LEH reduction in each genotype allowed overcoming the differences 
observed in the control samples, thereby permitting understanding the degree of reduction in each 
background genotype.  In this analysis, the wild-type behaved as has been reported, with isoxaben reducing 
the LEH to approximately 30% of control (Tsang et al., 2011). Interestingly, the mutant at5g43450 exhibited 
a lower percentage of reduction (20%), and this phenotype was rescued in the complemented line (28%). In 
the case of the overexpression line, a 27% reduction was detected. These results suggest that the mutant 
at5g43450 is more resistant to the effect of isoxaben and that AT5G43450 has a role in mediating the 





Figure 5.14 Effect of isoxaben on root cell elongation reduction on 4-d-old seedlings. Values are means ± SEM of two 
independent experiments. Experiments were performed by a collaborator (Dr. Nuhse, University of Manchester) as 
described in Materials and Methods. (Top) Data represent the length of the first epidermal cell with a visible root hair 
bulge (LEH). Co, control, ISX, isoxaben (150 nM). The level of statistical significance was determined by two-way 
ANOVA (performed by the aforementioned collaborators): no significant differences were detected between Col-0 
and each one of the other genotypes (p < 0.01). (Bottom) Percentage of isoxaben-induced LEH reduction relative to 
























































5.3.8 Role of AT5G43450 in ACC-mediated cell elongation inhibition 
As discussed before, ACC is responsible for mediating root elongation reduction caused by ethylene or 
upon isoxaben addition (Tsang et al., 2011). Because AT5G43450 contains a 2OG dependent dioxygenase 
domain that exhibits considerable homology to the one present in the ACC oxidase, it was determined 
whether AT5G43450 has a role in that ACC-dependent mechanism. To determine this, 4-d old seedlings 
were treated with ACC and the LEH compared to the wild-type. As can be seen in Figure 5.15, ACC reduced 
the LEH of wild-type seedlings, as has been reported (Tsang et al., 2011). The same level of reduction upon 
ACC addition was observed for at5g43450, at5g43450rescue1 and AT5G43450ox lines. These results 
suggest that AT5G43450 is not required for the ACC-induced reduction in root elongation. Furthermore, it is 
conceivable that these results exclude a role of AT5G43450 in the ethylene signaling pathway, at least with 
respect to processes required for cell elongation. 
 
 
Figure 5.15 Effect of ACC on root cell elongation reduction on 4-d-old seedlings. Values are means ± SEM of two 
independent experiments. Experiments were performed by collaborators as above (Dr. Nuhse lab, University of 
Manchester). (Left) Data represent the length of the first epidermal cell with a visible root hair bulge (LEH). Co, 
control. ACC was used at 100 nM. The level of statistical significance was determined by two-way ANOVA (performed 
by the aforementioned collaborators): no significant differences were detected between Col-0 and each one of the 
other genotypes (p < 0.01). (Right) Percentage of ACC-induced LEH reduction relative to the control of each genotype. 





















































5.3.9 Involvement of AT5G43450 in the ethylene biosynthesis and signaling pathways 
To further investigate whether AT5G43450 was implicated in the ethylene biosynthesis pathway, the effect 
of blocking ethylene biosynthesis in at5g43450 seedlings was analysed. To determine this, AIB, which is a 
structural analog of ACC that blocks ACC oxidase by acting as a competitive inhibitor, was used. Wild-type 
and at5g43450 seedlings were grown in media supplemented with different concentrations of AIB and root 
length measurements were performed. AIB at different concentrations did not cause any effects on 
at5g43450 seedlings compared to wild-type Col-0 (Figure 5.16 left). In addition, it was determined whether 
AT5G43450 had a role in ethylene perception. Wild-type and at5g43450 seedlings were grown in the 
presence of silver ions, which block ethylene perception, and phenotypes scored in the same way as above. 
At 20 and 50 µM, silver nitrate (AgNO3) did not have any effect in the growth of at5g43450 seedlings in 
comparison to wild-type Col-0 (Figure 5.16 right). These observations, together with the lack of detectable 
phenotypes in seedlings grown in ACC, suggest that AT5G43450 does not have a role in processes involving 
ethylene biosynthesis and perception, nor in ACC-mediated cell elongation inhibition. 
 
Figure 5.16 Effect of AIB and silver nitrate (AgNO3) on root length of Col-0 and at5g43450 seedlings. Seedlings were 
grown for 6 days in MS square plates containing different concentrations of either AIB or AgNO3 as described in 




























































5.3.10 Involvement of AT5G43450 in cell cycle regulation 
Because AT5G43450 seemed to play a role in regulation of root cell elongation during CBI, it was 
investigated whether it was involved in the isoxaben-induced inhibition of cell cycle progression. To 
determine this, a similar approach as for ATL2 was used. at5g43450 was crossed with the cell cycle marker 
line CYCB1;1::GUS. Homozygous plants for CYCB1;1::GUS and the T-DNA insertion in AT5G43450 were 
identified by PCR. Seedlings were grown for 6 days in normal conditions, followed by exposure to CBI for 6 
h (Figure 5.17). The isoxaben treatment reduced the level of CYCB1;1::GUS activity in the marker line as 
described before. In at5g43450xCYCB1;1::GUS seedlings, the activity level of CYCB1;1::GUS in mock treated 
seedlings was higher than in CYCB1;1::GUS mock treated seedlings. Isoxaben addition resulted in the 
inhibition of CYCB1;1::GUS activity in at5g43450xCYCB1;1::GUS seedlings, similarly to the effect observed in 
CYCB1;1::GUS seedlings. The level of reduction in the activity of CYCB1;1::GUS in at5g43450xCYCB1;1::GUS 
seedlings appeared to be slightly lower than in the control CYCB1;1::GUS line. This could be explained by a 
higher level of CYCB1;1::GUS activity in mock treated at5g43450xCYCB1;1::GUS seedlings. These results 
suggest that AT5G43450 causes a higher level of CYCB1;1::GUS activity and does not have a role in 
mediating isoxaben-induced cell cycle arrest. 
 
Additionally, as for ATL2, a possible role of AT5G43450 in mediating the suppression of CYCB1;1::GUS 
activity inhibition upon isoxaben addition in the presence of osmotic support was determined. As before, 
providing osmotic support by using PEG resulted in the inhibition of cell cycle arrest upon isoxaben addition 
in CYCB1;1::GUS seedlings. In at5g43450xCYCB1;1::GUS seedlings grown in the presence of 5% PEG, the 
level of CYCB1;1::GUS activity appeared to be slightly reduced in comparison to the mock treatment. 
Although not to full extent, the effect of 5% PEG in at5g43450xCYCB1;1::GUS seedlings exposed to isoxaben 
treatment caused the suppression of CYCB1;1::GUS activity inhibition. 
 
Recently, it has been shown that mannitol induced osmotic stress causes cell cycle arrest (Skirycz et al., 
2011). This effect was shown to coincide with increases in ACC levels and activation of ethylene signaling. In 
the same report, microarray based gene expression data suggested that ACO2, but not ACS genes were 
activated during mannitol induced osmotic stress. Interestingly, expression of AT5G43450 was shown to be 
elevated as well. Therefore, it was hypothesized whether AT5G43450 could play a role in mediating 
osmotic stress-induced cell cycle inhibition. Mannitol was used at 300 mM in order to induce osmotic 
stress. CYCB1;1::GUS activity levels in CYCB1;1::GUS seedlings were shown to be slightly downregulated in 
comparison to mock treated seedlings. The combined treatment of both mannitol and isoxaben resulted in 
CYCB1;1::GUS activity levels intermediate between each treatment alone. This could be due to the effect of 
the osmotic support provided by mannitol in the presence of isoxaben. In the case of 
at5g43450xCYCB1;1::GUS seedlings, a similar trend was observed. Mannitol caused a slight reduction in 
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CYCB1;1::GUS activity levels, while the combined treatment led to an intermediate level of CYCB1;1::GUS 
activity between the two treatments alone. These results suggest that mannitol alone leads to a slight 
decrease in the activity levels of CYCB1;1::GUS. In combination with isoxaben, it counteracts the hypo-
osmotic-like shock induced by isoxaben by providing osmotic support. 
 
 
Figure 5.17 Histochemical analysis of CYCB1;1::GUS activity in CYCB1;1::GUS and at5g43450xCYCB1;1::GUS seedlings. 
Seedlings were grown for 6 days in liquid culture as described in Materials and Methods. Treatments were performed 
for 6 h. MK, mock treatment; ISX, 600 nM isoxaben; PEG, 5% PEG; MAN, 300 mM mannitol. Images are representative 


















Because activity levels of CYCB1;1::GUS in at5g43450xCYCB1;1::GUS seedlings were elevated in comparison 
to CYCB1;1::GUS seedlings, expression levels of cell cycle genes was quantified by quantitative RT-PCR. The 
same genes as for ATL2 were analysed. Similarly to the former, the results obtained are preliminary and 
need further confirmation, and thus are not presented. 
 
As for ATL2, in order to determine whether higher activity levels of CYCB1;1::GUS in 
at5g43450xCYCB1;1::GUS seedlings resulted in increased root growth and cell proliferation, measurements 
of root length and root cells size were performed for wild-type, at5g43450, at5g43450recue1 and 
AT5G43450ox. For both root length and cell size measurements no statistically significant differences 
between the wild-type and the three genotypes were detected (Figure 5.18). The observation that root 
length is similar in all genotypes supports the notion that no visible growth phenotypes were detected in 
mutant and transgenic plants. Together, these results show that wild-type, at5g43450, at5g43450rescue1 
and AT5G43450ox roots of similar length contain cells of similar size, thus suggesting that cell number is not 
affected in the mutant and transgenic lines. 
 
 
Figure 5.18 Root length (left) and cell size of mature root cells (right) of Col-0, at5g43450, at5g43450rescue1 and 
AT5G43450ox seedlings. Seedlings were grown for 6 days in MS square plates as described in Materials and Methods. 

























































For the same reasons as in the case of ATL2, it was determined whether the higher expression level of 
CYCB1;1::GUS observed in at5g43450x CYCB1;1::GUS seedlings resulted in biomass increase. To determine 
this, biomass measurements were performed on wild-type and at5g43450 3- and 7-weeks old plants by 
quantifying fresh and dry weights of individual plants. As seen in Figure 5.19, no statistically significant 
differences were detected between wild-type and at5g43450 plants at both time-points. 
 
 
Figure 5.19 Biomass measurements of wild-type Col-0 and at5g43450 3-weeks old (top) and 7-weeks old (bottom) 

















































































5.3.11 Involvement of AT5G43450 in abiotic stress responses 
 
5.3.11.1 Response to salt stress 
Gene expression analysis using the Genevestigator database showed that AT5G43450 expression is 
dramatically induced in seedlings subjected to salt stress. To determine whether AT5G43450 was involved 
in the abiotic stress response to salt stress, at5g43450 seedlings were grown in media with different 
concentrations of either sodium chloride (NaCl) or potassium chloride (KCl) and compared to wild-type. 
Analysis of hypersensitivity or resistance to the salts was quantified by performing root length 
measurements. As can be seen in Figure 5.20, no statistically significant differences between at5g43450 
and wild-type Col-0 seedlings were detected in seedlings grown in the presence of different concentrations 




Figure 5.20 Effects of NaCl- and KCl-induced salt stress on root growth in Col-0, at5g43450 and at5g43450rescue1. 
Seedlings were grown for 6 days in MS square plates containing different concentrations of either NaCl or KCl as 



























































5.3.11.2 Response to drought stress 
It has been shown that plants overexpressing SNRK2.6 exhibit a 3-fold induction in the expression of 
AT5G43450 (Zheng et al., 2010). A role of SNRK2.6 in mediating the ABA-dependent stomatal closure 
process has previously been described (Mustilli et al., 2002, Yoshida et al., 2002). In addition, SNRK2.6 has 
been shown to be activated by ABA and osmotic stress in a process mediated by the direct interaction of 
ABI1 with the regulatory domain of SNRK2.6 (Yoshida et al., 2006). Therefore, it was hypothesized that 
AT5G43450 may be implicated in ABA signaling, water loss and osmotic stress responses. To determine 
whether AT5G43450 was involved in ABA hypersensitivity, wild-type, at5g43450 and at5g43450rescue1 
seedlings were grown in the dark in the presence of different concentrations of ABA and root length 
measurements were performed. As shown in Figure 5.21, no differences were detected among wild-type, 
at5g43450 and at5g43450rescue1 seedlings grown in the presence of 0.3 µM ABA. At a concentration of 
0.5 µM, at5g43450 seedlings seemed to be hypersensitive to ABA, exhibiting roots with reduced length 
compared to wild-type. In support of this observation, at5g43450rescue1 seedlings exhibited root length 
similar to wild-type. These results suggest that the absence of AT5G43450 confers hypersensitivity to ABA. 
 
 
Figure 5.21 Effect of ABA on root growth in Col-0, at5g43450 and at5g43450rescue1. Seedlings were grown in the 
dark for 6 days in MS square plates containing different concentrations of ABA as described in Materials and Methods. 
Data are means ± SD of three independent experiments (N ≥ 15). Asterisk denotes a significant difference as 






























To investigate a possible role of AT5G43450 in mediating dehydration processes, water loss in wild-type, 
at5g43450 and at5g4345rescue1 seedlings was analysed. To determine water loss, leaves of 5-6 weeks old 
plants were detached and their fresh weight measured at different time-points. Percentages of weight loss 
at the different time-points were calculated relatively to the initial fresh weight of each leaf. Wild-type 
leaves exhibited a progressive loss in water content, showing a reduction of approximately 30% in their 
weight 5 h after being detached (Figure 5.22). In comparison to wild-type, both mutant and complemented 
lines showed no differences at the time points analysed. These results suggest that at5g43450, although 
being hypersensitive to ABA, does not exhibit hypersensitivity or increased resistance to water loss.  
 
 
Figure 5.22 Water content in detached 5-6 weeks old plant leaves. Plants were grown in standard conditions as 
described in Materials and Methods. Data are percentages of weight loss relative to the initial fresh weight. Values are 






































5.3.11.3 Response to osmotic stress 
Next, a putative role of AT5G43450 in mediating osmotic stress responses was investigated. To determine 
this, wild-type, at5g43450 and at5g43450rescue1 seedlings were grown in media with different 
concentrations of mannitol, which causes osmotic stress. Hypersensitivity or increased resistance to 
mannitol were determined by performing root length measurements. Wild-type seedlings exhibited a 
progressive decrease in root growth correlated with an increase in the concentration of mannitol. In 
comparison to wild-type Col-0, no differences were observed in at5g43450 and at5g43450rescue1 
seedlings at the various concentrations used, since roots exhibited approximately the same length. Thus, 
these results suggest that AT5G43450 does not confer hypersensitivity or increased resistance to mannitol-
induced osmotic stress (Figure 5.23). 
 
 
Figure 5.23 Effect of various concentrations of mannitol on root growth in Col-0, at5g43450 and at5g43450rescue1. 
Seedlings were grown for 6 days in MS square plates containing different concentrations of mannitol as described in 








































5.3.12 Involvement of AT5G43450 in the distribution of soluble sugars and starch content 
during CBI 
ABA signaling has been shown to be involved in the regulation of carbohydrate metabolism (Jossier et al., 
2009). Additionally, as discussed before, CBI causes a re-routing of primary metabolism molecules (Wormit 
et al., 2012). Because at5g43450 etiolated seedlings appeared to be hypersensitive to ABA and seem to be 
implicated in the response to CBI, a putative role of AT5G43450 in mediating the changes in metabolic flux 
caused by CBI was investigated as well. The levels of soluble sugars glucose, fructose and sucrose, and 
starch were determined in wild-type Col-0, at5g43450, at5g43450rescue1 and AT5G43450ox 6-d old 
seedlings at 0 h and 10 h after isoxaben addition, and preliminary results are shown in Figure 5.24.  
 
In wild-type seedlings, the level of soluble sugars in the mock treated samples were increased in 
comparison to 0 h, while the soluble sugars content in isoxaben treated seedlings appeared not to change. 
This effect is presumably due to fresh media with sucrose being provided at the start of the treatment, and 
is similar to what has been reported (Wormit et al., 2012). Starch levels seemed not to be dramatically 
altered upon isoxaben addition. In at5g43450 seedlings, the soluble sugars increase in the mock treatment 
was slightly elevated in comparison to the mock treated wild-type seedlings. This difference was found to 
be statistically significant different in the case of sucrose. In isoxaben treated seedlings, the levels of the 
three soluble sugars were significantly increased in comparison to isoxaben treated wild-type seedlings. 
The starch content in at5g43450 mock treated seedlings was found to be significantly lower than the mock 
treated wild-type seedlings, while the isoxaben treatment did not appear to affect starch levels in 
comparison to isoxaben treated wild-type seedlings. In the complementation line at5g43450rescue1, the 
elevation in soluble sugars in mock treated seedlings observed in the mutant seemed to be attenuated, 
since a significant difference to mock treated wild-type seedlings was not detected anymore in the case of 
sucrose. In the isoxaben treated seedlings, wild-type levels of soluble sugars were restored in 
at5g43450rescue1. Similarly, the inserted AT5G43450 gene sequence in at5g43450 seemed to restore the 
wild-type levels of starch in mock treated seedlings. In the overexpression lines, a similar effect as the one 
detected in at5g43450 was observed, with sucrose being increased in mock treated seedlings in 
comparison to mock treated wild-type seedlings. Isoxaben treated AT5G43450ox seedlings showed an 
elevation in the levels of glucose, whereas no significant differences were observed for the other soluble 
sugars. In the case of starch, no differences were detected in the three conditions relatively to wild-type. In 
summary, the previously described effect of isoxaben in reducing the levels of soluble sugars was observed 
here, as isoxaben treated seedlings consistently showed reduced levels of glucose, fructose and sucrose in 
comparison to the mock treatment. A significant difference was detected in the case of the at5g43450 
mutant, where the levels of soluble sugars during isoxaben treatment were not as reduced as in wild-type. 
These results are supported by the restoration of wild-type levels in seedlings of the complemented line 
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at5g43450rescue1 exposed to isoxaben. Together, these results suggest that AT5G43450 has a role in the 
regulation of the metabolic flux upon isoxaben addition. AT5G43450 may be a positive regulator of the 
isoxaben-induced reduction of soluble sugar levels and appears to participate in the regulation of starch 
levels. 
 
Figure 5.24 Soluble sugars and starch content quantification Col-0, at5g43450, at5g43450rescue1 and AT5G43450ox. 
Seedlings were grown for 6 days in liquid culture and treated with isoxaben for 10 h as described in Materials and 
Methods. MK, mock treatment; ISX, 600 nM isoxaben. Values are means ± SD of four biological replicates and four 
technical replicates. The level of statistical significance was determined by the Student’s t-test (p < 0.01): asterisks 




























































































































5.3.13 Sucrose sensitivity in at5g43450 
Because at5g43450 seedlings appeared to exhibit higher levels of sucrose in mock and isoxaben treated 
seedlings in comparison to wild-type seedlings, it was determined whether AT5G43450 was involved in 
mediating sensitivity to sucrose in the growth media. Wild-type Col-0, at5g43450 and at5g43450rescue1 
seedlings were grown in media supplemented with various concentrations of sucrose and root length 
measurements were performed. No significant changes were observed among the three genotypes, 
indicating that loss of AT5G43450 does not lead to hypersensitivity or increased resistance to sucrose in the 
conditions analysed (Figure 5.25). 
 
 
Figure 5.25 Effect of various concentrations of sucrose on root growth in Col-0, at5g43450 and at5g43450rescue1. 
Seedlings were grown for 6 days in MS square plates complemented with different concentrations of sucrose as 




































AT5G43450 encodes a protein containing a 2OG-(FeII) dioxygenase domain, which is present in many 
proteins involved in different biological processes. The domain is present in ACC oxidases, enzymes 
involved in the biosynthesis pathway of ethylene. In fact, AT5G43450 is annotated as ACC oxidase 
homologue 10 and shares an amino acid sequence identity of  24% with ACO4, formerly known as 
ETHYLENE-FORMING ENZYME (Hamilton et al., 1991). Based on BLAST searches, the most similar proteins 
to AT5G43450 are other ACC oxidase homologues. Despite these data, there is no functional evidence that 
AT5G43450 is involved in the ethylene biosynthesis pathway.  
 
Ethylene is involved in many plant biological aspects, being a powerful elicitor of morphological changes 
during all stages of the plant life cycle (Johnson and Ecker, 1998). It is also known to be involved in defense 
responses to biotic stress such as pathogen attack, and to abiotic stresses such as wounding, hypoxia and 
exposure to ozone (Wang et al., 2002). As mentioned before, ethylene biosynthesis is induced in cev1 
mutants, which are affected in cellulose biosynthesis (Ellis and Turner, 2001, Ellis et al., 2002). Interestingly, 
cev1 mutants show enhanced resistance to biotic stress caused by the powdery mildew fungal pathogen 
(Ellis and Turner, 2001). These observations suggest that the ethylene signaling pathway is involved in 
defense responses and is activated upon CWD caused by cellulose deficiency. It has been reported that 
ACSs such as ACS2, -4, -6 and -8 show strong constitutive expression, while ACS11 expression is induced in 
the elongation zone of the root within a few hours of isoxaben addition (Tsang et al., 2011). cev1 
phenotypes such as stunted growth, accumulation of anthocyanin and constitutive expression of defense 
related genes all require the activity of the ethylene receptor ETR1 (Ellis and Turner, 2001). On the other 
hand, cell elongation inhibition upon addition of isoxaben has been shown to be independent of ethylene 
perception up to 3 h after the start of the treatment (Tsang et al., 2011). Analysis of the responses triggered 
in ethylene biosynthesis and signaling pathway mutants upon isoxaben treatment as well as determining 
the levels of ethylene in seedlings subjected to isoxaben could provide additional insights in order to 
understand the role of ethylene in the CWD response. These observations could be explained by the 
possibility that CESA mutants are capable of adapting their physiological processes to the constant cellulose 
deficiency. Therefore, the phenotypes and responses to the cellulose defect observed in these mutants 
may be distinct from isoxaben-induced short-term CWD responses. 
 
Previous microarray gene expression data suggested that AT5G43450 gene expression is transiently 
activated by isoxaben induced-cellulose biosynthesis inhibition (Hamann et al., 2009). Here, the microarray 
based expression data was validated by quantitative RT-PCR. AT5G43450 gene expression was confirmed to 
be transiently induced by isoxaben, with an increase in the expression levels observed only 2 h after the 
start of the treatment, peaking after 4-6 h and starting to decrease after 8 h. Additionally, these results 
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were confirmed by using a pAT5G43450::GUS reporter construct upon isoxaben treatment in promoter-
reporter transgenic lines. Together, these results confirm the involvement of AT5G43450 in the early 
response to cell wall damage induced by isoxaben.  
 
Microarray data-based comparison of gene expression levels of ACO genes and of the genes encoding the 
four most similar proteins to AT5G43450, according to the Uniprot database (Figure 5.1, page 140), 
suggests that most of these genes are not activated by isoxaben in the same way as AT5G43450 (Figure 
5.26). The exception appears to be AT5G59540, a gene encoding a protein sharing a sequence identity 
value of 63% with AT5G43450. The activation of AT5G59540 expression by isoxaben seems to be lower 
than AT5G43450 and peaking at a later stage, only 8 h after the start of the treatment. Interestingly, the 
expression levels of AT5G43440 and AT5G59530, which encode the most similar proteins to AT5G43450 
(76% sequence identity) and to AT5G59540 (82% sequence identity), were shown not to change in 
response to isoxaben treatment, and were constantly and substantially low during the course of the 
treatment. The AGI number of AT5G43440 and AT5G59530 indicates that these genes are positioned just 
upstream of AT5G43450 and AT5G59540, respectively, in chromosome 5, suggesting that these two pair of 
genes may have arisen from a gene duplication event. Thus, the observation that AT5G43440 expression is 
not activated by isoxaben further supports a specific role of AT5G43450 in the early response to cellulose 
biosynthesis inhibition. For the same reasons, AT5G59540 could as well have an important role in the 
subsequent hours of the response to isoxaben. Nevertheless, these data suggest that ACOs and ACO 
homologues are not involved in the response to isoxaben. On the other hand, despite sharing sequence 
homology to ACOs, AT5G43450 expression levels seem to be induced by isoxaben. This suggests that 
AT5G43450 performs a different biological function than other ACO proteins, or at least has evolved to fulfil 
an additional function apart from ACC oxidase activity in the ethylene biosynthesis pathway. In support of 
this hypothesis, expression levels of AT5G43450 upon low light intensity, which promotes ethylene 
production, have been shown to be only slightly induced, whereas ACO genes are constitutively expressed 






Figure 5.26 Microarray expression profiling data of the isoxaben time-course treatment performed on 6-d old wild-
type Col-0 seedlings (Hamann et al., 2009). MK, mock treatment; ISX, 600 nM isoxaben. (Top) ACC oxidase genes 
(ACO); (bottom) Data from the five most identical proteins to AT5G43450, according to Uniprot database (Figure 5.1, 
page 140). 
 
Here, it was determined whether AT5G43450 is involved in the ethylene biosynthesis and signaling 
pathways. Addition of AIB, a structural analog of ACOs that block the latter’s activity by acting as a 
competitive inhibitor, did not result in any dramatic changes in root growth of at5g43450 seedlings in 
comparison to wild-type. These results support the above observations and further suggest that 


































































adding silver nitrate to the media, did not lead to any changes in the sensitivity or resistance to the 
chemical in at5g43450 seedlings in comparison to wild-type. Therefore, AT5G43450 does not seem to have 
a role in ethylene signaling mechanisms. However, it must be noted that if AT5G43450 acts in the ethylene 
biosynthesis pathway, it is possible that the absence of hypersensitivity or resistance phenotypes may be 
due to genetic redundancy, as other ACOs activity may be capable of compensating for the loss of 
AT5G43450. In support of this hypothesis, publicly available gene expression data available on 
Genevestigator suggests that AT5G43450 expression during development globally overlaps with the 
expression of other ACO’s (Appendix XX). Nevertheless, experiments are required to rigorously determine 
whether AT5G43450 has ACO enzyme activity. In order to achieve this, an enzyme extract from frozen 
material can be used in an activity assay after incubation with ACC, and gas chromatography used to detect 
the levels of ethylene production in the mutant, rescue and overexpression lines, and compared to wild-
type. Alternatively, AT5G43450 can be cloned into yeast, which is not capable of producing ethylene from 
ACC, and gas chromatography used to determine whether the transformed cells are able to convert ACC 
into ethylene. These experiments would allow clarifying the biological function of AT5G43450. 
 
ACC, which is the substrate of the enzymatic reaction catalysed by ACC oxidase and forms the precursor of 
ethylene, is known to inhibit cell elongation (Swarup et al., 2007, Ruzicka et al., 2007). This effect is 
influenced by auxin, since the ability of ACC to inhibit root cell elongation was significantly enhanced in the 
presence of auxin (Swarup et al., 2007). As mentioned before, ACC biosynthesis has been shown to be 
essential for the inhibition of cell elongation upon isoxaben treatment, since isoxaben-treated seedlings 
exposed to AVG, an inhibitor of ACC biosynthesis, led to the restoration of normal cell elongation (Tsang et 
al., 2011). Additionally, this process was shown to be independent of ethylene perception and dependent 
on auxin and ROS signaling processes. Here, because AT5G43450 shares sequence identity with ACOs and 
was shown to be induced by isoxaben, it was hypothesized that AT5G43450 may play a role in the ACC-
dependent cell elongation inhibition mechanism. Addition of ACC to at5g43450 seedlings did not result in 
any significant differences in the level of inhibition of cell elongation in comparison to wild-type, since 
seedlings from both genotypes appeared to exhibit a reduction of 50% in the length of the first epidermal 
cell with a visible root hair (LEH). AT5G43450 overexpression lines did not show any increased sensitivity or 
resistance to the action of ACC either. These results suggest that AT5G43450 is not involved in the cell 
elongation inhibition induced by ACC. Furthermore, they strengthen the hypothesis that AT5G43450 is not 
involved in ethylene related processes during cell elongation. 
 
However, AT5G43450 seems to play a role in the inhibition of cell elongation during isoxaben treatment. 
Although a statistically significant difference was not detected in both raw values (as determined by two-
way ANOVA) and in percentage of reduction in each genotype (as determined by the Student’s t-test), 
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results suggested that at5g43450 seedlings have increased resistance against isoxaben-induced cell 
elongation inhibition. While the percentage of LEH reduction upon isoxaben treatment in wild-type 
seedlings reached approximately 30% relative to the control, the LEH reduction in at5g43450 isoxaben-
treated seedlings decreased to below 20%. In support of this observation, the LEH reduction in the 
complemented line at5g43450rescue1 isoxaben-treated seedlings was restored to nearly wild-type levels 
(28%). These observations suggest that AT5G43450 is a positive regulator of isoxaben-induced cell 
elongation inhibition. These results are based on two independent experiments, and a statistical 
significance value of 0.18 for at5g43450 isoxaben-treated seedlings was obtained when calculating the 
percentage of LEH reduction relative to each genotype control condition. It is probable that increasing the 
number of experiments will produce statistically significant results. Currently, these results are considered 
preliminary. However, comparison of these results with the ACC-induced cell elongation inhibition 
experiment suggests that at5g43450 seedlings do respond in a distinct manner to either chemical in terms 
of cell elongation inhibition. Notwithstanding, and given the presumably obtainable statistical significance, 
these results suggest that two different mechanisms may be involved in mediating cell elongation 
inhibition. One would be involved in the response to isoxaben and the other in the response to ACC, since 
AT5G43450 appears to be implicated in the first but not in the second. Because it has been shown that 
isoxaben-induced cell expansion inhibition is dependent on the availability of ACC, then the two signaling 
pathways would have to branch from the same signaling pathway. AT5G43450 could possibly be active 
downstream of this signaling pathway separation, affecting only the isoxaben induced cell elongation 
inhibition response. This hypothesis could be explained by AT5G43450 being activated only when isoxaben 
is present and not in the presence of elevated levels of ACC. Additionally, it is possible that post-
translational mechanisms induce AT5G43450 activity upon isoxaben but not in response to ACC addition. 
An alternative, perhaps more likely, hypothesis is that the presence of both molecules is required to trigger 
AT5G43450-mediated cell elongation inhibition. Using a combined treatment with isoxaben and an 
inhibitor of ACC biosynthesis such as AVG could further elucidate the role of AT5G43450 in the signaling 
pathway. If this hypothesis is correct, at5g43450 seedlings would exhibit wild-type levels of LEH reduction 
upon addition of both chemicals. Consistent with this hypothesis, AT5G43450 expression levels upon 
addition of isoxaben are already elevated 3 h after the treatment, the same time-point at which LEH seems 
to be affected in at5g43450 seedlings in comparison to wild-type. Furthermore, experiments showed that 
AT5G43450::CITRINE under the control of the endogenous promoter is present in the elongation zone of 
the root tip, in close proximity to the cells developing root hairs (where LEH is measured). Determining 
whether AT5G43450 expression levels are induced by ACC could provide further support for this 
hypothesis. Another possibility that could explain the lack of AT5G43450-mediated response to ACC 
induced cell elongation inhibition is that the concentration of ACC in the media (10 µM) could be too high, 
rendering the absence of AT5G43450 effectless. In fact, it has been shown that the highest tested dose of 1 
mM AIB was required to reverse most of the root response to 1 µM ACC, while only 10 µM AIB was 
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necessary to revert the cell elongation inhibition to isoxaben (150 nM) (Tsang et al., 2011). The authors 
suggest that either only small amounts of ACC are produced during isoxaben addition or AIB acts on a 
different target rather than ACC. This hypothesis is consistent with the possibility that two different 
signaling pathways may be active. Moreover, they suggest that an ACC concentration dependent 
mechanism may regulate the response to isoxaben. This hypothesis is supported by the observation that 
overexpression of AT5G43450 does not seem to have an effect on the inhibition of cell elongation by 
isoxaben. If ACC levels in fact represent a threshold that determines the activation of the response to 
isoxaben, it is conceivable that the absence of a downstream signaling component, i.e. AT5G43450, is more 
significant than its excessive accumulation, because ACC would be the limiting factor and not AT5G43450. 
Thus, accumulation of AT5G43450 may not significantly affect the response triggered, whereas its absence 
could result in disruption of the signaling pathway during isoxaben treatment. This hypothesis is in 
accordance with the possibility that there is a monitoring system that is repressed in normal conditions and 
is activated when required. A concentration dependent mechanism could be a cellular strategy to adapt the 
appropriate responses to particular stimuli, functioning like a coordinated and regulated homeostatic 
equilibrium that upon changes in cell wall would be activated. The observation that AT5G43450 gene 
expression is transiently induced supports this hypothesis, as a temporary regulation of its expression 
would be required to respond to changes in ACC concentration. Tsang et al. (2011) proposed that the 
putative ACC dependent signaling mechanism involves the binding of ACC to a dedicated receptor or 
binding protein with higher affinity than to ACO when threshold concentrations of ACC are present. It is 
conceivable that AT5G43450 may be this dedicated binding protein. Nevertheless, it appears that ACC is 
not the only signaling molecule involved. As mentioned above, auxin and ROS signaling were shown to be 
required for cell elongation inhibition upon isoxaben treatment. This suggests that a complex regulatory 
signaling mechanism is involved in the response and most likely requires the participation of several 
intermediates. These results suggest that AT5G43450 may be one of them. 
 
Lignin deposition assay and quantification of JA levels in isoxaben-treated seedlings detected no dramatic 
differences in at5g43450 seedlings compared to wild-type. These observations suggest that AT5G43450 
does not have a role in the proposed signaling pathway regulating lignin deposition via JA accumulation 
upon isoxaben treatment (Denness et al., 2011).  
 
It was investigated whether AT5G43450 is involved in cell cycle regulation. As in the case of ATL2, 
CYCB1;1::GUS activity levels in at5g43450xCYCB1;1::GUS seedlings were elevated compared to the control. 
As before, a qualitative analysis was performed based on the area, pattern and intensity of GUS staining. In 
order to produce a more reliable and precise examination of the results, the activity levels of CYCB1;1::GUS 
should be quantified as discussed earlier. Nevertheless, concomitant with a possible function of AT5G43450 
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in cell cycle regulation is the observation that AT5G43450::CITRINE was shown to localize to the nucleus 
and cytosol. Moreover, AT5G43450::CITRINE under the control of the endogenous promoter was found to 
be present in the same region as CYCB1;1::GUS. For the same reasons as for ATL2, it was determined 
whether this increase in the activity levels of CYCB1;1::GUS resulted in increased cell proliferation or 
enhanced growth. No growth and cell proliferation phenotypes were detected in at5g43450 seedlings. In 
addition, results from biomass quantification experiments determined that wild-type and at5g43450 adult 
plants do not significantly differ from each other. These observations could be due to genetic redundancy, 
since AT5G43450 has several homologues. As for ATL2, reasons why CYCB1;1::GUS activity levels appear to 
be enhanced in at5g43450xCYCB1;1::GUS seedlings will be discussed in chapter 6.  
 
As discussed before, isoxaben inhibits cell cycle progression. As in CYCB1;1::GUS seedlings, CYCB1;1::GUS 
activity levels were reduced in at5g43450xCYCB1;1::GUS seedlings exposed to isoxaben. It was shown here 
that providing osmotic support by using two different osmotica, PEG and mannitol, results in the 
suppression of isoxaben-induced cell cycle inhibition. These results further strengthen the previous results 
presented in chapter 4 and the hypothesis that a turgor sensitive mechanism perceives cell wall damage. 
 
Interestingly, AT5G43450 seems to have a role in inhibition of cell elongation by isoxaben but does not 
appear to be involved in the inhibition of cell cycle progression. These observations suggest that different 
signaling pathways regulate the inhibition of the two cellular processes upon isoxaben addition. 
Determining the effect of blocking ACC biosynthesis on cell cycle progression upon isoxaben addition could 
generate information on whether ACC, besides being involved in cell elongation inhibition, also has a role in 
the signaling pathway leading to cell cycle inhibition during isoxaben treatment. The same could be applied 
to auxin and ROS, which as mentioned above have been shown to be required for inhibition of cell 
elongation upon isoxaben treatment. It is possible that these signaling mechanisms are part of a common 
platform that upon different stimuli, such as isoxaben induced CWD or pathogen attack, is activated and 
initiates different responses. Depending on the presence of different agents, produced by distinct sources 
of CWD or abiotic stress, differential activation of the multiple pathways could occur, thereby leading to 
specific responses to each stimulus.  
 
In fact, ACC has been shown to be involved in cell cycle inhibition during mild osmotic stress induced by 
mannitol (Skirycz et al., 2011). Upon transfer of 9-d old seedlings to media with mannitol cell cycle 
progression arrests, causing a decrease in cell proliferation rates and expansion in leaves after 24 h. A 
concomitant increase in ACC levels and in ethylene signaling was observed as early as 1.5 and 3 h after the 
start of the stress. Microarray based analysis of gene expression revealed that ACC responsive genes, ACO2 
and ethylene signaling genes were upregulated (Skirycz et al., 2011). On the other hand, ACS genes 
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expression levels did not change. Furthermore, expression levels of cell cycle related genes were 
downregulated, but only 24 h after the onset of stress. Interestingly, activity of CDKA, a main driver of cell 
cycle progression active in both G1-S and G2-M transitions, was shown to be decreased 10 h post stress 
onset (Gutierrez, 2009, Skirycz et al., 2011). Because CDKA transcript and protein levels were shown to be 
stable throughout the stress treatment, these observations show that post-translational mechanisms drive 
cell cycle progression inhibition during osmotic stress. Together, these observations suggest that ACC is 
involved in cell cycle inhibition. The observation that ACSs are not transcriptionally activated and that ACC 
levels increase during osmotic stress support the hypothesis that an ACC concentration dependent 
mechanism may be involved in activating the responses driving cell cycle inhibition. Here, it was shown that 
mannitol caused a reduction in the activity levels of CYCB1;1::GUS in CYCB1;1::GUS seedlings. AT5G43450 
does not appear to have a role in mediating the process of cell cycle inhibition upon osmotic stress, since 
CYCB1;1::GUS activity was also decreased in at5g43450xCYCB1;1::GUS seedlings upon mannitol addition. In 
support of this hypothesis, root length assays suggested that wild-type and at5g43450 seedlings exhibit 
similar levels of sensitivity to different concentrations of mannitol.  
 
The involvement of AT5G43450 in abiotic stress responses was determined as well. Gene expression 
analysis based on the Genevestigator database showed that salt stress dramatically induces AT5G43450 
expression. Determination of salt stress sensitivity or resistance in at5g43450 seedlings showed that they 
behave similarly to wild-type. This observation suggests that AT5G43450 is not directly involved in the 
response to salt stress caused by NaCl or KCl, but the lack of phenotypes could be due to genetic 
redundancy. 
 
Previously, it has been shown that AT5G43450 expression in plants overexpressing SNRK2.6 is induced 3-
fold (Zheng et al., 2010). SNRKs belong to three subfamilies of the yeast SNF1 related protein kinases 
(Hrabak et al., 2003). SNRK1 proteins have been linked to carbohydrate and starch metabolism and appear 
to share critical roles with SNF1 in controlling energy and metabolic homeostasis through regulating 
fundamental metabolic pathways in response to nutritional and environmental stresses (Purcell et al., 
1998, Jossier et al., 2009, Baena-Gonzalez and Sheen, 2008). Furthermore, overexpression of SNRK2.6 leads 
to increases in leaf expansion, biomass and lateral branching, as well as to elevated sucrose synthesis 
(Zheng et al., 2010). As discussed before, isoxaben has been shown to cause a redistribution of soluble 
sugars and starch molecules in seedlings (Wormit et al., 2012). Here, it was investigated whether 
AT5G43450 was involved in primary metabolism flux during isoxaben treatment. Preliminary results 
suggest that in at5g43450 seedlings, the decrease in the levels of the soluble sugars glucose, fructose and 
sucrose upon isoxaben addition is not as substantial as in wild-type seedlings. In support of this 
observation, at5g43450rescue1 seedlings exhibited normal levels of reduction in soluble sugars content. 
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These results suggest that AT5G43450 may be a positive regulator of isoxaben-induced reductions in 
soluble sugars. However, in the case of sucrose, a significant difference was detected as well in 10 h mock 
treated seedlings. As the levels of sucrose before the start of the treatment in at5g43450 seedlings do not 
differ from wild-type seedlings, this observation suggests that at5g43450 is more sensitive to the addition 
of fresh media, which contains sucrose, than wild-type seedlings. However, this hypothesis was not 
translated into any significant differences between mutant and wild-type seedlings grown in different 
concentrations of sucrose. 
 
Carbohydrate metabolism is known to be connected to ABA signaling. SNRK1 has been shown to be 
involved in sugar and ABA signaling, and SNRK2.6 is involved in ABA and osmotic stress response in a 
process mediated by the direct interaction of ABI1 with the regulatory domain of SNRK2.6 (Jossier et al., 
2009, Yoshida et al., 2006). SNRK2.6 has been shown to be involved in stomatal closure, since snrk2.6 
mutants exhibit severe water loss (Mustilli et al., 2002, Yoshida et al., 2002, Assmann, 2003). On the other 
hand, ABA does not seem to be involved in the carbohydrates redistribution observed upon isoxaben 
treatment, since CBI does not cause increases in ABA levels nor ABA metabolism/signaling genes exhibit 
dramatic changes in transcript levels (Hamann et al., 2009). ABA is involved in a diverse set of stress 
responses (Cutler et al., 2010). In particular, ABA seems to be closely associated with dehydration 
processes, since numerous dehydration responsive genes can be induced by exogenous ABA application; in 
addition, exogenous application of ABA has often been used to mimic dehydration responses (Fujita et al., 
2011). ABA is also known to be involved in the response to salt and osmotic stress. Here, since AT5G43450 
has been linked with overexpression of SNRK2.6, it was determined whether AT5G43450 was involved in 
ABA signaling. at5g43450 seedling roots were shown to be hypersensitive to ABA. However, this phenotype 
was not found to be related to dehydration processes, as water loss measurements did not show any 
significant difference between wild-type and at5g43450. In addition, as discussed above, at5g43450 
seedlings do not seem to exhibit hypersensitivity or increased resistance to salt or osmotic stress. ABA is 
also known to be involved in developmental processes, since it has been shown to rescue the disorganized 
root meristem phenotype of Medicago mutant latd (Liang et al., 2007). Additionally, several findings have 
suggested an interaction between ABA and ethylene (Benkova and Hejatko, 2009). This interaction appears 
to be dependent on a functional ethylene signaling pathway since the ABA effect on root growth was 
restrained by inhibiting ethylene perception, but not by reduced ethylene biosynthesis (Ghassemian et al., 
2000). As described above, AT5G43450 does not seem to be involved in ethylene perception mechanisms. 
ABA is also known to repress expression of some cell cycle genes, such as CDKA1, and DNA replication 
genes; in addition, ABA activates the expression of other genes, which are repressors of cell division, such 
as the CDK inhibitor KRP1/ICK1 (Wang et al., 1998, Gutierrez, 2009). As discussed above, AT5G43450 seems 
to be involved in cell cycle regulation. Then, it is conceivable that ABA and AT5G43450 are involved in a 
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common pathway regulating cell cycle. However, at this point appears complicated to characterize a 
possible interaction between ABA and AT5G43450 and the mechanism involved in conferring 
hypersensitivity to at5g43450 seedlings. 
 
As discussed above, the molecular tools generated for the characterization of AT5G43450 sub-cellular 
localization showed that AT5G43450 localizes to the cytosol, nucleus and possibly to the plasma 
membrane. Specificity of the fluorescence signal generated was confirmed by performing wavelength scans 
of the emission spectra of AT5G43450::CITRINE. The signal supposedly deriving from the plasma membrane 
could not be confidently assigned. Membrane topology prediction using bioinformatics based analysis 
suggested that AT5G43450 does not contain any transmembrane domain. Promoter-reporter lines showed 
that AT5G43450 is expressed mainly in seedlings hypocotyls and cotyledons, periphery of cauline leaves 
and sepals. Additionally, results of expression of AT5G43450::CITRINE under the control of AT5G43450 
endogenous promoter showed that AT5G43450 can be detected in the root elongation zone as well. 
Because the same promoter region was used for the promoter-reporter and the AT5G43450::CITRINE 
constructs, these results seem to be contradictory. A possible explanation could be the weak level of 
expression of pAT5G43450::GUS in the root elongation zone, thus preventing its detection in the promoter-
reporter lines. In addition, Genevestigator data suggest that AT5G43450 is expressed at a low level in roots 
(Appendix XV). Another possible reason for this discrepancy could be the fact that T2 promoter-reporter 
lines were used for the study of gene expression pattern. Because single homozygosity of inserted 
fragments can only be confirmed in T3 generation, it is conceivable that the seedlings analysed did not 
carry two copies of pAT5G43450::GUS fragments, and therefore a weaker expression level was generated.  
 
In many of the experiments described in this chapter, root length, cell elongation, lignin deposition or 
CYCB1;1::GUS activity levels were examined based on root tissue analysis. The fact that pAT5G43450::GUS 
lines did not show expression of the reporter gene in root tissue raises a question about the relevance of 
these experiments. On the other hand, AT5G43450::CITRINE lines showed the presence of the reporter 
protein in the root elongation zone. In addition, experiments that yielded positive results such as cell 
elongation inhibition in the presence of isoxaben or CYCB1;1::GUS activity levels indicate the presence of 
phenotypes in the root tissue of at5g43450 seedlings. Therefore, and although conclusions should be 
drawn with caution, it appears that AT5G43450 has a functional role in this organ. To effectively clarify this 
issue, a higher number of T3 promoter-reporter and AT5G43450::CITRINE lines should be examined. 
 
The complementation constructs introduced in at5g43450 were shown to be functional. The promoter 
region was confirmed to be inducible by isoxaben since transcripts accumulated after 6 h of treatment. 
AT5G43450 was shown to complement at5g43450 as it was able to restore the cell elongation inhibition 
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upon isoxaben addition, and to rescue the ABA hypersensitivity of at5g43450 roots. In the case of the 
overexpression lines, expression levels of AT5G43450 were shown to be dramatically elevated, confirming 
that these transgenic lines are in fact overexpressing AT5G43450. 
 
In conclusion, here it was shown that AT5G43450 expression is transiently activated upon isoxaben 
addition, suggesting its involvement in the response to cell wall damage. AT5G43450 is a protein similar to 
ACO but does not seem to be involved in ethylene biosynthesis pathway nor in ethylene mediated 
processes, as inhibition of ACOs activity in wild-type and mutant did not result in the appearance of any 
phenotype. Results from the analysis of at5g43450xCYCB1;1::GUS lines showed that CYCB1;1:GUS activity is 
elevated compared to the control. This observation shows that AT5G43450 is a negative regulator cell cycle 
progression. Cell size and cell proliferation, as well as growth did not seem to be affected in at5g43450 
plants. In support of a role in cell cycle regulation, it was shown that AT5G43450 localizes to the nucleus 
and to the cytosol, and possibly to the plasma membrane. Additionally, AT5G43450 was shown to have a 
role in isoxaben-induced cell elongation inhibition, but not in ACC-induced cell elongation inhibition. 
AT5G43450 could be involved in a signaling pathway that controls cell elongation inhibition upon isoxaben-
induced CWD, possibly requiring the presence of both isoxaben and ACC in order to exert its function. It 
was shown that AT5G43450 is not involved in responses to abiotic stress such as salt, osmotic or 
dehydration stresses, but appears to be involved in ABA sensitivity. Moreover, a possible role of 























6 General discussion 
During the course of their life cycle, plants need to cope with changes in normal conditions. Plant cell walls 
form the first barrier during exposure to biotic and abiotic stresses and, in parallel, they are constantly 
remodelled during developmental processes such as cell morphogenesis and growth processes. Therefore, 
it is conceivable that a dedicated monitoring system exists that perceives changes in cell wall integrity and 
initiates a coordinated set of responses. How this mechanism works and what cellular processes are 
involved is poorly understood. However, recent work has started to shed some light on this subject. 
Evidence is accumulating that, upon cell wall damage caused by different sources such as pathogen attack 
and chemical or genetic inhibition of cellulose biosynthesis, a canonical set of responses is triggered. These 
include ectopic lignification, increases in production of ROS, JA, SA or ethylene, deposition of callose, 
transcriptional activation of stress response mechanisms and changes in cell wall composition and structure 
(Ellis and Turner, 2001, Ellis et al., 2002, Cano-Delgado et al., 2003, Denness et al., 2011, Manfield et al., 
2004, Hamann et al., 2009). Furthermore, the process of arrest of cell elongation upon cell wall damage 
appears to be independent of a weakened cell wall, suggesting that this response is an active process 
triggered by a specific signaling pathway (Hematy et al., 2007, Tsang et al., 2011). Recently, the isoxaben 
induced response leading to lignin deposition was identified as a two-stage process , where in an early 
stage ROS and calcium are required to induce a second stage consisting of a negative feedback relationship 
between ROS and JA (Denness et al., 2011). In yeast, it is known that different signaling pathways are 
activated and can interact upon different or overlapping cell wall perturbations in order to initiate an 
appropriate response, suggesting that a complex network of signaling events exists (Levin, 2005, Rodicio 
and Heinisch, 2010). Due to the more elaborate composition and structure of the plant cell wall, and to the 
higher organismal complexity of plants, it is conceivable that a larger number of sensor proteins and 
signaling pathways are involved in the response to cell wall damage. 
 
Isoxaben, a specific inhibitor of cellulose biosynthesis in the primary cell walls of dicotyledonous plants, has 
been previously used to induce cell wall damage and study the responses triggered (Hamann et al., 2009, 
Denness et al., 2011, Tsang et al., 2011). Microarray based gene expression profiling experiments identified 
several genes whose expression is transiently induced in Arabidopsis seedlings exposed to isoxaben 
(Hamann et al., 2009). In the experiments reported here, the biological function of two of these genes, 
ATL2 and AT5G43450, was investigated. Based on the results presented in this work, ATL2 and AT5G43450 
do not appear to be involved in the same processes. ATL2 was shown to have a role in the cell wall damage-
induced lignin deposition through a JA-dependent regulation. In the case of AT5G43450, it was determined 
that it is involved in the inhibition of cell elongation upon cellulose biosynthesis inhibition. These 
observations support the notion that although several findings suggest the existence of a common set of 
responses to cell wall damage, most likely many different pathways are involved in this process. Because 
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different responses are triggered upon isoxaben addition, such as ectopic deposition of lignin and callose, 
redistribution of carbohydrates or cell elongation inhibition, it is conceivable that distinct downstream 
signaling pathways branch from the initial signaling/perception mechanism. ROS appears to be upstream of 
the branching point, since inhibition of NADPH oxidases, which produce ROS, has been shown to prevent 
both lignin deposition and cell elongation inhibition upon isoxaben-induced cell wall damage (Denness et 
al., 2011, Tsang et al., 2011). However, inhibition of ROS production does not affect carbohydrates 
distribution upon isoxaben treatment (Wormit et al., 2012). THE1 has been shown to be required for 
ectopic lignification during cell wall damage, and loss of function of THE1 suppresses the cell elongation 
defect of prc1/cesa6 mutants, but does not affect JA production (Denness et al., 2011, Hematy et al., 2007). 
 
I have shown here that isoxaben-induced cellulose biosynthesis inhibition leads to cell cycle arrest. During 
cell cycle progression, formation of new cells requires the biosynthesis of cellulose microfibrils. Therefore, 
the reduction in cellulose content caused by isoxaben most likely causes inhibition of cell cycle progression. 
Here, by analysing the activity levels of a mitotic cyclin fused to GUS, CYCB1;1::GUS, it was observed that 
isoxaben addition causes a decrease in CYCB1;1::GUS activity levels after 6 h. However, the specific 
signaling pathway leading to reduction in CYCB1;1::GUS activity levels upon isoxaben addition is unknown.  
 
Interestingly, it was shown that cell cycle progression inhibition is suppressed by providing osmotic support. 
Two different osmotica, PEG and mannitol, were found to produce the same effect. This observation 
further supports the hypothesis that there is a general mechanism that perceives the initial stimulus that 
may be based on a plasma membrane stretch due to variations in turgor pressure. Moreover, it suggests 
that the signaling mechanisms triggering responses to isoxaben such as lignin deposition, redistribution of 
carbohydrates and cell cycle inhibition, involve a single common pathway, or different response pathways 
can be activated by the same turgor pressure sensitive mechanism. 
 
The observation that CYCB1;1::GUS activity levels are higher in atl2xCYCB1;1::GUS and 
at5g4350xCYCB1;1::GUS than in the marker line CYCB1;1::GUS, suggests that ATL2 and AT5G43450 are 
negative regulators of cell cycle progression. As discussed above, ATL2 and AT5G43450 are involved in 
different signaling pathways. Together, these observations could mean that both signaling pathways 
eventually converge to modulation of cell cycle progression. In the case of ATL2, an increase in the activity 
levels of CYCB1;1::GUS in atl2xCYCB1;1::GUS seedlings upon addition of MeJA was detected. These results 
place ATL2 as a negative regulator of cell cycle progression in the presence of MeJA. AT5G43450 was shown 
to be involved in cell elongation inhibition processes in response to isoxaben. Previously, it has been 
reported that impaired CYCB1;1 degradation leads to an isodiametric shape of epidermal cells in leaves, 
stems and roots, and retarded growth of seedlings (Weingartner et al., 2004). In the same report, the 
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authors have demonstrated that the timely degradation of mitotic cyclins is required for the reorganization 
of cortical microtubules, which determine cell elongation and shape. ATL2 and AT5G43450 seem to be 
involved in JA and ABA signaling events, respectively. A differential effect of JA and ABA on cell cycle 
progression in tobacco BY-2 cells has been previously described (Swiatek et al., 2002). Both hormones were 
found to prevent DNA replication when applied just before the G1-S transition. However, ABA did not have 
any effect on subsequent phases of the cell cycle when applied at a later stage, whereas JA effectively 
inhibited mitosis when applied during the S phase. JA was found to be less effective in inhibiting mitosis 
when added after the S-phase, suggesting that cell sensitivity toward JA is dependent on the cell cycle 
phase (Swiatek et al., 2002). 
 
These observations suggest that the cell wall damage response proteins ATL2 and AT5G43450 are active in 
two different signaling pathways, which are involved in cell cycle regulation. Whilst ATL2 exerts its function 
in a JA dependent signaling pathway, AT5G43450 is involved in cell cycle regulation through its active role 
in cell elongation in a process possibly involving ACC and ABA. However, the exact role of both ATL2 and 
AT5G43450 and how they influence cell cycle regulation remain to be determined. In this context, 
investigating possible interacting partners of both ATL2 and AT5G43450 could provide critical information 
regarding their mechanism of action. Yeast two-hybrid or pull-down assays can be performed to achieve 
this. Overexpression constructs containing ATL2::GFP (also containing a HIS tag in the C-terminus of GFP) 
and AT5G43450::CITRINE could be used in pull-down assays by purifying the fusion proteins via binding of 
the reporter proteins to a column. Analysing in more detail the temporal resolution of the activity of 
CYCB1;1::GUS in the mutant backgrounds could provide insights into the dynamics of the signaling events 
occurring.  
 
Interestingly, an interaction between JA and ACC has also been reported (Staswick and Tiryaki, 2004). A JA-
ACC conjugate compound was found to be present in leaves, and JAR1 was shown to synthesize JA-ACC in 
vitro. The authors suggest that JA-ACC might provide a mechanism to co-regulate the availability of JA and 
ACC for conversion to the active hormones JA-Ile and ethylene, respectively. These findings hint at a 
possible connection between JA and ACC during isoxaben-induced cell wall damage, and that these 
compounds interact and regulate each other’s levels in order to regulate downstream responses. It is 
possible that ATL2 and AT5G43450 are involved in this regulating mechanism. 
 
Cell cycle regulation is influenced by different types of biotic and abiotic stress conditions. This function is 
most likely required to balance cell division and differentiation under unfavourable growth conditions. 
Wounding, addition of JA or ABA, osmotic, salt and cold stress and biotic elicitors have been shown to 
inhibit cell cycle progression (Zhang and Turner, 2008, Skirycz et al., 2011, Swiatek et al., 2002, Swiatek et 
184 
 
al., 2004, Ogawa et al., 2011, Chen et al., 2011, Peres et al., 2007, Wang et al., 1998). However, there is only 
limited knowledge about the molecular mechanisms that link the stress perception directly to the cell cycle 
machinery. Recently, some advances in this area have been made. For example, the rice RSS1, whose 
stability is controlled by cell cycle phases by virtue of its D-box motif, has been found to contribute to the 
vigour of meristematic cells and viability under salinity conditions (Ogawa et al., 2011). RSS1 interacts with 
PP1, a protein phosphatase involved in cell cycle. RSS1::GFP, RSS1::YFP and PP1::GFP were all shown to 
localize to the nucleus and cytosol (Ogawa et al., 2011). OSRAN2, which enhances cold tolerance in rice 
plants, has been found to be essential for mitosis and to be localized to the spindle microtubules during 
mitosis (Chen et al., 2011). EL2, also from rice, is an early response gene against the biotic elicitor N-
acetylchitoheptaose, and its transcript levels are induced by cold, drought and propionic acid (Minami et 
al., 1996, Peres et al., 2007). EL2 was found to bind CDKA1;1 and to inhibit CDKs activity in vitro. In addition, 
EL2 was able to rescue the multicellular trichome phenotype of Arabidopsis sim mutants, demonstrating 
that it is a cell cycle inhibitor (Peres et al., 2007). 
 
In conclusion, it is reasonable to assume that different environmental conditions activate signaling 
pathways that ultimately affect cell cycle progression, either positively, in favourable conditions, or 
negatively, if undesirable conditions are present. In a similar fashion to the aforementioned examples, ATL2 
and AT5G43450 may integrate information upon isoxaben-induced cell wall damage and translate the 
signal leading to cell cycle progression regulation. According to the results presented here, ATL2 and 
AT5G43450 are negative regulators of cell cycle progression, since seedlings with loss of function of either 
gene exhibit increased expression of the cell cycle progression reporter construct CYCB1;1::GUS. ATL2 and 
JA are involved in a feedback loop regulation and AT5G43450 has a role in cell elongation in a process 
possibly mediated by ACC. These different pathways may interact within a complex regulatory signaling 























Appendix I: Primers used for genotyping of T-DNA insertion lines.  
T-DNA insertion line Primer name Sequence (5’ to 3’) 
Salk_050772 Sk_050772 LP ACTTGGTCCACTAACGCGTAG 
Sk_050772 RP AGTTGTGATTGCGGTTGATTC 
Salk_133789 Sk_1133789 LP AAGCCATTGTGCGAAATAGTG 
Sk_1133789 RP CGTCGGAGAAAGTGAAAACAG 
Salk_107806 Sk_107806 LP CGCTCAAGAACTTATCGTTCG 
Sk_107806 RP CGACGAAGACAGGAGTGAAAG 
Salk_112750 Sk_112750 LP TCGATTCATTTCTCCGAGAAG 
Sk_112750 RP CTTTCACTCCTGTCTTCGTCG 
 







Appendix II-A: Sequencing results showing the T-DNA insertion position in line Salk_050772 for ATL2. Alignment 
between ATL2 (from start of 5’ UTR) and sequencing reaction performed using the T-DNA left border primer (LB1.3) 
(reverse complement sequence). Dark triangle indicates the position of the T-DNA insertion (1035 bp after start of 5’ 
UTR, chromosomal position 5693773 bp). 
 
ATL2_from5'UTR      AATAATAATTAGACTTCTGCACTTTCTCACGAACCTCTCTGTCTCGTCCATTACTTAAAA 60 
LB1.3               ------------------------------------------------------------ 
                                                                                 
 
ATL2_from5'UTR      ACCAAATCTTTCATCATCTTCCTTCACCAGTTGACTCTCTTTCAATCTATCTCTGAATCT 120 
LB1.3               ------------------------------------------------------------ 
                                                                                 
 
ATL2_from5'UTR      CTCACTCTCCTACCCGAAAACCATGAACTCCAACGACCAGGATCCGATTCCGTTCAGACC 180 
LB1.3               ------------------------------------------------------------ 
                                                                                 
 
ATL2_from5'UTR      CGAAGACAACAACTTCTCCGGTTCCAAAACCTACGCCATGAGCGGCAAAATCATGCTAAG 240 
LB1.3               ------------------------------------------------------------ 
                                                                                 
 
ATL2_from5'UTR      TGCAATAGTAATCCTCTTCTTCGTCGTCATTTTAATGGTCTTCCTCCATCTTTACGCTCG 300 
LB1.3               ------------------------------------------------------------ 
                                                                                 
 
ATL2_from5'UTR      TTGGTATCTCCTCCGTGCTCGTAGACGTCATCTCCGTCGTCGTAGCCGTAACCGTCGCGC 360 
LB1.3               ------------------------------------------------------------ 
                                                                                 
 
ATL2_from5'UTR      TACGATGGTTTTCTTCACCGCTGATCCTTCCACCGCCGCAACTTCCGTCGTCGCTTCACG 420 
LB1.3               ------------------------------------------------------------ 
                                                                                 
 
ATL2_from5'UTR      TGGACTTGATCCAAACGTTATTAAATCTCTTCCTGTTTTCACTTTCTCCGACGAGACTCA 480 
LB1.3               ------------------------------------------------------------ 
                                                                                 
 
ATL2_from5'UTR      TAAAGATCCGATCGAATGCGCCGTTTGTTTATCGGAATTCGAAGAGAGCGAGACGGGTCG 540 
LB1.3               ------------------------------------------------------------ 
                                                                                 
 
ATL2_from5'UTR      GGTTTTGCCCAATTGTCAACATACTTTTCATGTTGATTGTATTGATATGTGGTTTCATTC 600 
LB1.3               ------------------------------------------------------------ 
                                                                                 
 
ATL2_from5'UTR      TCATTCCACTTGTCCTCTTTGTCGATCTCTCGTTGAGTCTCTCGCCGGGATTGAATCAAC 660 
LB1.3               ------------------------------------------------------------ 
                                                                                 
 
ATL2_from5'UTR      GGCGGCGGCGAGGGAGAGGGAAGTTGTGATTGCGGTTGATTCTGATCCGGTTTTGGTAAT 720 
LB1.3               --------------------TAGTTGNNNNNNNGGTTGATTCTGATCCGGTTTTGGTAAT 40 
                                        :*****.. ... *************************** 
 
ATL2_from5'UTR      TGAACCGAGTTCTAGCTCTGGATTGACGGATGAACCACATGGATCTGGATCTTCTCAGAT 780 
LB1.3               TGAACCGAGTTCTAGCTCTGGATTGACGGATGAACCACATGGATCTGGATCTTCTCAGAT 100 
                    ************************************************************ 
 
ATL2_from5'UTR      GCTGAGGGAAGATTCCGGGAGAAAACCGGCGGCGATTGAGGTTCCGAGGAGGACTTTTAG 840 
LB1.3               GCTGAGGGAAGATTCCGGGAGAAAACCGGCGGCGATTGAGGTTCCGAGGAGGACTTTTAG 160 
                    ************************************************************ 
 
ATL2_from5'UTR      CGAGTTTGAAGATGAGTTGACTCGGAGAGACTCGCCGGCGAGTCAGTCGTTTAGGTCTCC 900 
LB1.3               CGAGTTTGAAGATGAGTTGACTCGGAGAGACTCGCCGGCGAGTCAGTCGTTTAGGTCTCC 220 
                    ************************************************************ 
 
ATL2_from5'UTR      GATGAGTCGGATGTTATCTTTCACTCGGATGTTGAGTAGAGATAGAAGAAGCGCTTCGTC 960 
LB1.3               GATGAGTCGGATGTTATCTTTCACTCGGATGTTGAGTAGAGATAGAAGAAGCGCTTCGTC 280 
                    ************************************************************ 
 
ATL2_from5'UTR      TCCTATCGCCGGAGCTCCGCCGCTATCGCCGACGTTAAGCTGCCGGATACAGATGACCGA 1020 
LB1.3               TCCTATCGCCGGAGCTCCGCCGCTATCGCCGACGTTAAGCTGCCGGATACAGATGACCGA 340 
                    ************************************************************ 
 
ATL2_from5'UTR      GTCAGATATCGAACGGGGAGGAGAAGAGAGTAGGTGACTTGTCACGTGTTGGTGTCTGAT 1080 
LB1.3               GTCAGATATCGAACAAATTGCGGACAACT---------TAATAACAAATTGCGGACAACT 391 




ATL2_from5'UTR      TGGTTTAATGTTAACCGGGAGTAAAAAAAGGAATTACTACAAGTCAACAGGCTTTTGTCT 1140 
LB1.3               TAATAACACATTG--CGGACGTTTTTAATG---------------TACTG------GGGT 428 
                    *..*::.* .**.  ***..**::::**:*               :**:*      *  * 
 
ATL2_from5'UTR      AGGTGTTGATTTCGGCGCCCAAGGACACGTGGCGTAAACTGAGCTTCCAGGAATCAATAT 1200 
LB1.3               GGTTTTTCTTTTC----ACCAGTGAGACG-GGCAACAGCTGATTGCCCT----------- 472 
                    .* * ** :****    .***. ** *** ***.:.*.****    **:            
 
ATL2_from5'UTR      TCACCGTCTATTATGATTAGATAGGTTAGATAGATTTGTGTAACGATGTACAAAGTCATC 1260 
LB1.3               TCACCGCCTG----------------------GCCCTGAG-AGAGTTGCAGCAAGCGGTC 509 
                    ****** **.                      *.  **:* *..*:** * .***  .** 
 
ATL2_from5'UTR      TACAATATTGAATCTATTTCCATTTATTTTACCATATTCTTTTTTTTTTTATAATTTTCG 1320 
LB1.3               CACGCTG--------GTTGCC--------------------------------------- 522 
                     **..*.        .** **                                        
 
ATL2_from5'UTR      AAGTTCTACAAACTCTTTTATGTAAAACACAATCCAATGGTCATAATTGTGATAAAGACT 1380 
LB1.3               ---------------------------------CCAGCNGNNANNNNNNN---------- 539 
                                                     ***. .*. *.  ....           
 
ATL2_from5'UTR      TTGCATAATT 1390 
























Appendix II-B: Sequencing results showing the T-DNA insertion position in line Salk_107806 for AT5G43450. 
Alignment between AT5G4350 (from start of 3’ UTR) (complement strand) and sequencing reaction performed using 
the T-DNA left border primer (LB1.3). Dark triangle indicates the position of the T-DNA insertion (1091 bp after start of 
3’ UTR, chromosomal position 17458215 bp). 
 
AT5G43450_from3'UTR      TTTGTAGTTTGAAAAAGATAACTTATAGTTTGACTTGTTAGCTACAAGCCTAGAATGCTG 60 
LB1.3                    ------------------------------------------------------------ 
                                                                                      
 
AT5G43450_from3'UTR      TTTTAAGCATGAAGTAGAAAACATTTTTTCTTATTGGTACAATGGTTGAGGAACTCTATA 120 
LB1.3                    ------------------------------------------------------------ 
                                                                                      
 
AT5G43450_from3'UTR      GCGGGTACAAAGAAAATGTAGCGTAACATATGCAAAACGCACAAATATATATTTTGCACT 180 
LB1.3                    ------------------------------------------------------------ 
                                                                                      
 
AT5G43450_from3'UTR      CGGACAAGTATTTTCTTCATATCATGTAATTAGTCAAATACGACTTTTCATCAAAAATGC 240 
LB1.3                    ------------------------------------------------------------ 
                                                                                      
 
AT5G43450_from3'UTR      TCGCAAGAAATCCTGCAGTGTACTCTGGTATGGTGATATCTTTGTACTTAGCAGGGTTTT 300 
LB1.3                    ------------------------------------------------------------ 
                                                                                      
 
AT5G43450_from3'UTR      CATCAGACAAAAGATCTTTAATCGGTCCATAAACCGTGGAATTTGGAGAAAGACTCGAGC 360 
LB1.3                    ------------------------------------------------------------ 
                                                                                      
 
AT5G43450_from3'UTR      TAAAGAAGCACGCAACTGAAATCCGCGGTCTATCTTTGTTCGGTCGTACCCTATGCTCCA 420 
LB1.3                    --------------------------------------------------CAATGCTTTT 10 
                                                                           *:*****  : 
 
AT5G43450_from3'UTR      CGCTCAAGAACTTATCGTTCGTTATCAGCTGCAAAACAAAATGTCTCAAATTAATTGGTA 480 
LB1.3                    CGCTG------------------------------------------------------- 15 
                         ****                                                         
 
AT5G43450_from3'UTR      AAGAATCTGTTTTTTTAGTTAAAAGAATGCATCAACTGGACTTGCCTGCATGAAATCACC 540 
LB1.3                    -----------------------------------CTGGGGCAACCAGCGTGG------- 33 
                                                            ****.  :.**:**.**.        
 
AT5G43450_from3'UTR      AATGTTGACAACAAGAGCTCCAGGTACAGGAGGGACATCGACCCAATAATCTTCATGAAG 600 
LB1.3                    ------------------------------------------------------------ 
                                                                                      
 
AT5G43450_from3'UTR      AACTTGAAGACCACCGATTTGGTCTTGAAGAAGAAGCGTGAGGAAAGAGTTGTCGGTGTG 660 
LB1.3                    ------------ACCGCTTG---------------------------------------- 41 
                                     ****.**                                          
 
AT5G43450_from3'UTR      TTTACTTATACCTAAAGTTAGGTCAGGTTGTGGGCAAGGTGGATAGTAATGGCAGAGCAT 720 
LB1.3                    -----------CTGCAACTCTCTCAG------GGCCAGGCG----GTGAAG--------- 71 
                                    **..*. *.  ****      ***.*** *    **.*:*          
 
AT5G43450_from3'UTR      AAACAAACCCTTAAGACAATCAATCCTCTTAAGTGTCTCAGAGTCTAAACCTAAAGCTTC 780 
LB1.3                    --------------GGCAATCAG--CTGTTGCCCGTCTCA-------------------C 96 
                                       *.******.  ** **..  ******                   * 
 
AT5G43450_from3'UTR      TGAGAGAAGTTGGAAGAGCACAGCTCCTAATTCCATTACATGCTTCGTGTATTCGATCAC 840 
LB1.3                    TGG-------TGAAAAGAAAAACCACC-----CCAGTACAT------------------- 125 
                         **.       **.**....*.* *:**     *** *****                    
 
AT5G43450_from3'UTR      CGCACTCCTAAAATCATCATATTAAGAATTAAAACACTAGAAAAGGAAATTGTTTACTTG 900 
LB1.3                    ------------------------------------------------------------ 
                                                                                      
 
AT5G43450_from3'UTR      AATTAAAATTGAGATAATAAAATCGTGGAATCATTTGAACTAAGTAAATTTATGTTAAAC 960 
LB1.3                    -----------------TAAAAACGT---------------------------------- 134 
                                          *****:***                                   
 
AT5G43450_from3'UTR      AATCACATAATGCTAAAAAGTTTTTTTTTTGGTTATATATGAAACCAAATTGTTTAGAAA 1020 
LB1.3                    --CCGCAATGTGTTATTAAGTTGTCT---------------------------------- 158 
                            *.**::.** **::***** * *                                   
 
AT5G43450_from3'UTR      TAGCATAAACACAACAAATAGTATAATACTATTAATCACTATATATAACATGTACCTGCA 1080 
LB1.3                    --------AAGCGTCAATTTG--------------------------------------- 171 
190 
 
                                 *..*.:***:*:*                                        
 
AT5G43450_from3'UTR      AGCTAGTGGGATTTCCTCTGGATTCGGAGGATCTGGAGCAATATAACAAGTGAAAGAGTC 1140 
LB1.3                    -----------TTTCCTCTGGATTCGGAGGATCTGGAGCAATATAACAAGTGAAAGAGTC 220 
                                    ************************************************* 
 
AT5G43450_from3'UTR      TCTCCAATTCAAAGGAGAAGAATGATAGAGATCGAAATCATTGTTATAAACAAATCTCTT 1200 
LB1.3                    TCTCCAATTCAAAGGAGAAGAATGATAGAGATCGAAATCATTGTTATAAACAAATCTCTT 280 
                         ************************************************************ 
 
AT5G43450_from3'UTR      GTTGTTATCGGTAGGAAGATATTGGTTCTTGACAACTGGATCTTGTTCATGAAACCTTCG 1260 
LB1.3                    GTTGTTATCGGTAGGAAGATATTGGTTCTTGACAACTGGATCTTGTTCATGAAACCTTCG 340 
                         ************************************************************ 
 
AT5G43450_from3'UTR      AACACTCTCTTTGATCTCTTCAAGAACAGTTAAAGGAACATCATGATTGATCACTTGGAA 1320 
LB1.3                    AACACTCTCTTTGATCTCTTCAAGAACAGTTAAAGGAACATCATGATTGATCACTTGGAA 400 
                         ************************************************************ 
 
AT5G43450_from3'UTR      AAATCCCCAATTCTCAGCTGCGTCTTTGATCTTCGAAATGACAACGTTTCTTGAAGATGT 1380 
LB1.3                    AAATCCCCAATTCTCAGCTGCGTCTTTGATCTTCGAAATGACAACGTTTCTTGAAGATGT 460 
                         ************************************************************ 
 
AT5G43450_from3'UTR      GTTACGATCTCCGAGGTCGATGATTGGGACGGTGAGGTTTAAGCCGGAGATATCAGAAGG 1440 
LB1.3                    GTTACGATCTCCGAGGTCGATGATTGGGACGGTGAGGTTTAAGCCGGAAATATCACAAGG 520 
                         ************************************************.****** **** 
 
AT5G43450_from3'UTR      TCTGTTGTTTGATAAAATAGAAGAAGGGACATGAAACATGCTAGGAACTTCGGTTATTTC 1500 
LB1.3                    TCTGTTGTTTGATAAAATAAAAAAAAGGACATGAAACATGCTAGGAACTTCGGTTATTTC 580 
                         *******************.**.**.********************************** 
 
AT5G43450_from3'UTR      GGCATCGACGAGTCCTTTCACTCCTGTCTTCGTCGAGATAAAAGTCGTGAGATCGTTTAA 1560 
LB1.3                    GGCATCGACGAGTCCTATCGCGCCTGTCCCCC---------------------------- 612 
                         ****************:**.* ******  *                              
 
AT5G43450_from3'UTR      ACGATCGATTTTTTCAGAATTCTCTGTCATGTTTTTTTCTTTTTTTCTTTCTTTCAAGAT 1620 
LB1.3                    ------------------------------------------------------------ 
                                                                                      
 
AT5G43450_from3'UTR      TCTGTTTTTTGTTGTTGTTCTGAAGACTCAAGAAGAAGAGGAAGATTCAATTT 1673 











Appendix III-A: Primers used for assessing gene expression levels in T-DNA insertion mutants by RT-PCR (Section 
3.2.3). 
Gene analysed Primer name Sequence (5’ to 3’) Product size 
AT3G16720/ATL2 At3g16720-RT-F   GATACAGATGACCGAGTCAGATAT 150 bp 
At3g16720-RT-R CCGAAATCAACACCTAGACAAA 
At5G43450 At5g43450_RT-F  TGCATATGTTACGCTACATTTTC 114 bp 
At5g43450_RT-R GCTACAAGCCTAGAATGCTGTT 
UBIQUITIN10 UBQ10 RT F AACTTTCTCTCAATTCTCTCTACC 257 bp 
UBQ10 RT R  CCACGGAGCCTGAGGACCAAGTGG 
 
 
Appendix III-B: Quantitative real-time RT-PCR primers used throughout project. 
Gene analysed Primer name Sequence (5’ to 3’) Product size 
Sections 3.2.3, 4.3.1 and 5.3.1 
PP2AA3 PP2AA3-ref-F GCGGTTGTGGAGAACATGATA 159 bp 
PP2AA3-ref-R  CCAAACACAATTCGTTGCTGTC 
AT3G16720/ATL2 At3g16720-RT-F   GATACAGATGACCGAGTCAGATAT 150 bp 
At3g16720-RT-R CCGAAATCAACACCTAGACAAA 
At5G43450 At5g43450-Fnew2  CTATCCACCTTGCCCACAAC 148 bp 
At5g43450-Rnew2 TCCAGGTACAGGAGGGACA 
Sections 4.3.9.1 and 5.3.10 
CYCB1:1 CYCB1;1-F   GGCTGCTTGTGGTTTAGAG 140 bp 
CYCB1;1-R GCCTCCATTCACTCTCAAC 
E2FA E2FA-F   AGATGAAGCGGCTGACCA 130 bp 
E2FA-R TGCTGCACCACTCCCATT 
CYCD3;1 CYCD3;1-F  ACTTTCAAGTGGAGGAGAC 135 bp 
CYCD3;1-R TCCTGATAATGTGGTCTACG 
CDKB1;2 









Appendix IV: Primers used throughout project for cloning purposes. Regions in grey colour represent the Gateway 
Cloning attB sites. 
Aim (PCR product size, 
annealing temperature, 
elongation time) 
Primer name Sequence (5’ to 3’) 
Section 3.3.1.1 
ATL2rescue1 amplification  




































Agrobacterium DNA prep screen  




Agrobacterium DNA prep screen 










(1.1 kb, 57:C, 60s) 
Section 3.3.2.1 
ATL2rescue2 amplification 

















screen (0.7 kb, 57:C, 50s) 
43450seq4 GATGATTTTAGGAGTGCGG  
M13R CAGGAAACAGCTATGAC 
Section 3.3.2.3,  3.3.2.3.2 and 3.3.2.3.3 
pMDC107+ATL2rescue2 colony 

















Agrobacterium colony screen (0.8 




Agrobacterium colony screen (0.5 






atl2+ATL2escue2 confirmation of 
cloned fragment (0.8 kb, 57:C, 60s) 
ATL2seq3 CCGAGTTCTAGCTCTGGAT 
qRT-GFP-F CCTGTTGACGAGGGTGTCT 
at5g43450+AT5G43450rescue2full 43450seq5 TGTCTGATGAAAACCCTGCT 
194 
 
confirmation of cloned fragment 
















pDONRz+ATL2ox colony screen 
(0.6 kb, 57:C, 50s) 
qRT-GFP-R GGCACGACTTCTTCAAGAGC  
M13R CAGGAAACAGCTATGAC 
pDONRz+AT5G43450ox colony 




pGWB2+ATL2ox colony screen 
(0.1 kb, 57:C, 30s) 
qRT-GFP-F CCTGTTGACGAGGGTGTCT 
qRT-GFP-R GGCACGACTTCTTCAAGAGC  
pGWB2+AT5G43450ox colony 









Agrobacterium colony screen (0.6 




Col-0+ATL2ox confirmation of 




















pCambia+pATL2 colony screen 














Agrobacterium colony screen (0.9 




Col-0+pATL2 confirmation of 




of cloned fragment  











































































































































































































































































































































Appendix VI-A: pDONR+ATL2rescue1 sequencing results. ATL2-F, ATL2seq1, ATL2seq2 and ATL2seq3 primers were 
used (underlined regions). 
 
ATL2rescue1      ACCAGTTGAGGAAACATTGTACTTAATTATAACTGGGAATGTCTAAAGGTAACTTATGAA 60 
ATL2-F           ------AGTCTCCCCATT-TTGTTAATTATAACTGGGAATGTCTAAAGGTAACTTATGAA 53 
                       :*:  ...**** *: ************************************** 
 
ATL2rescue1      CTTCTATCGACGGCACAGTGGTCAGATTAACTTCCACCGAACAAGTTTTGGATTCGGAAA 120 
ATL2-F           CTTCTATCGACGGCACAGTGGTCAGATTAACTTCCACCGAACAAGTTTTGGATTCGGAAA 113 
                 ************************************************************ 
 
ATL2rescue1      AAACAATTTGAACTGTGGACGACAAGCACGAGCCAAGTGATATTTATTTATTTATTTTAC 180 
ATL2-F           AAACAATTTGAACTGTGGACGACAAGCACGAGCCAAGTGATATTTATTTATTTATTTTAC 173 
                 ************************************************************ 
 
ATL2rescue1      CGACTAAAAAAATCTTTGTAGTAATTTAAAATTTTCAATGCAGAAAATATTATGCTAAAT 240 
ATL2-F           CGACTAAAAAAATCTTTGTAGTAATTTAAAATTTTCAATGCAGAAAATATTATGCTAAAT 233 
                 ************************************************************ 
 
ATL2rescue1      TAAAGTGAATATTTGATACTAACTAGTTGACCCGCAAATATAATCTTAACTTTATCATAT 300 
ATL2-F           TAAAGTGAATATTTGATACTAACTAGTTGACCCGCAAATATAATCTTAACTTTATCATAT 293 
                 ************************************************************ 
 
ATL2rescue1      TGTTGTGATACTATTTACATATCAAAGTATTAAATCCCATTTTCCCTGTAATGAGTATCT 360 
ATL2-F           TGTTGTGATACTATTTACATATCAAAGTATTAAATCCCATTTTCCCTGTAATGAGTATCT 353 
                 ************************************************************ 
 
ATL2rescue1      ATTTATCCCTTTATCATAAAATAATAATCCAAAATACGTGCTCTCTTAATTTATAGAAAA 420 
ATL2-F           ATTTATCCCTTTATCATAAAATAATAATCCAAAATACGTGCTCTCTTAATTTATAGAAAA 413 
                 ************************************************************ 
 
ATL2rescue1      ATAAAAGTTAATAACTATTTAGAACCTTATGGTAAAAAAAAATACAAGTAAAAGTATATC 480 
ATL2-F           ATAAAAGTTAATAACTATTTAGAACCTTATGGTAAAAAAAAATACAAGTAAAAGTATATC 473 
                 ************************************************************ 
 
ATL2rescue1      TCTAAGCATTTTCCCTTTGAAATTTTCAAACTAATTAAATAGTTACCAAAACAAAAAGAA 540 
ATL2-F           TCTAAGCATTTTCCCTTTGAAATTTTCAAACTAATTAAATAGTTACCAAAACAAAAAGAA 533 
                 ************************************************************ 
 
ATL2rescue1      GAAGGGCAGAATAGTCAAAAGAGAAAACTCGCGCGTCAACGTTGGCGTCGTCTTGCCAAA 600 
ATL2-F           GAAGGGCAGAATAGTCAAAAGAGAAAACTCGCGCGTCAACGTTGGCGTCGTCTTGCCAAA 593 
                 ************************************************************ 
 
ATL2rescue1      CTTTGCCAATAATAATAATTAGACTTCTGCACTTTCTCACGAACCTCTCTGTCTCGTCCA 660 
ATL2-F           CTTTGCCAATAATAATAATTAGACTTCTGCACTTTCTCACGAACCTCTCTGTCTCGTCCA 653 
                 ************************************************************ 
 
ATL2rescue1      TTACTTAAAAACCAAATCTTTCATCATCTTCCTTCACCAGTTGACTCTCTTTCAATCTAT 720 
ATL2seq1         TTACTTAAAAACCAAATCTTTCATCATCTTCCTTCACCAGTTGACTCTCTTTCAATCTAT 259 
                 ************************************************************ 
 
ATL2rescue1      CTCTGAATCTCTCACTCTCCTACCCGAAAACCATGAACTCCAACGACCAGGATCCGATTC 780 
ATL2seq1         CTCTGAATCTCTCACTCTCCTACCCGAAAACCATGAACTCCAACGACCAGGATCCGATTC 319 
                 ************************************************************ 
 
ATL2rescue1      CGTTCAGACCCGAAGACAACAACTTCTCCGGTTCCAAAACCTACGCCATGAGCGGCAAAA 840 
ATL2seq1         CGTTCAGACCCGAAGACAACAACTTCTCCGGTTCCAAAACCTACGCCATGAGCGGCAAAA 379 
                 ************************************************************ 
 
ATL2rescue1      TCATGCTAAGTGCAATAGTAATCCTCTTCTTCGTCGTCATTTTAATGGTCTTCCTCCATC 900 
ATL2seq1         TCATGCTAAGTGCAATAGTAATCCTCTTCTTCGTCGTCATTTTAATGGTCTTCCTCCATC 439 
                 ************************************************************ 
 
ATL2rescue1      TTTACGCTCGTTGGTATCTCCTCCGTGCTCGTAGACGTCATCTCCGTCGTCGTAGCCGTA 960 
ATL2seq2         TTTACGCTCGTTGGTATCTCCTCCGTGCTCGTAGACGTCATCTCCGTCGTCGTAGCCGTA 499 
                 ************************************************************ 
 
ATL2rescue1      AGACGGGTCGGGTTTTGCCCAATTGTCAACATACTTTTCATGTTGATTGTATTGATATGT 1200 
ATL2seq2         AGACGGGTCGGGTTTTGCCCAATTGTCAACATACTTTTCATGTTGATTGTATTGATATGT 739 
                 ************************************************************ 
 
ATL2rescue1      GGTTTCATTCTCATTCCACTTGTCCTCTTTGTCGATCTCTCGTTGAGTCTCTCGCCGGGA 1260 
ATL2seq2         GGTTTCATTCTCATTCCACTTGTCCTCTTTGTCGATCTCTCGTTGAGTCTCTCGCCGGGA 347 
                 ************************************************************ 
 
ATL2rescue1      TTGAATCAACGGCGGCGGCGAGGGAGAGGGAAGTTGTGATTGCGGTTGATTCTGATCCGG 1320 
ATL2seq2         TTGAATCAACGGCGGCGGCGAGGGAGAGGGAAGTTGTGATTGCGGTTGATTCTGATCCGG 407 




ATL2rescue1      TTTTGGTAATTGAACCGAGTTCTAGCTCTGGATTGACGGATGAACCACATGGATCTGGAT 1380 
ATL2seq2         TTTTGGTAATTGAACCGAGTTCTAGCTCTGGATTGACGGATGAACCACATGGATCTGGAT 467 
                 ************************************************************ 
 
ATL2rescue1      CTTCTCAGATGCTGAGGGAAGATTCCGGGAGAAAACCGGCGGCGATTGAGGTTCCGAGGA 1440 
ATL2seq3         CTTCTCAGATGCTGAGGGAAGATTCCGGGAGAAAACCGGCGGCGATTGAGGTTCCGAGGA 527 
                 ************************************************************ 
 
ATL2rescue1      GGACTTTTAGCGAGTTTGAAGATGAGTTGACTCGGAGAGACTCGCCGGCGAGTCAGTCGT 1500 
ATL2seq3         GGACTTTTAGCGAGTTTGAAGATGAGTTGACTCGGAGAGACTCGCCGGCGAGTCAGTCGT 587 
                 ************************************************************ 
 
ATL2rescue1      TTAGGTCTCCGATGAGTCGGATGTTATCTTTCACTCGGATGTTGAGTAGAGATAGAAGAA 1560 
ATL2seq3         TTAGGTCTCCGATGAGTCGGATGTTATCTTTCACTCGGATGTTGAGTAGAGATAGAAGAA 647 
                 ************************************************************ 
 
ATL2rescue1      GCGCTTCGTCTCCTATCGCCGGAGCTCCGCCGCTATCGCCGACGTTAAGCTGCCGGATAC 1620 
ATL2seq3         GCGCTTCGTCTCCTATCGCCGGAGCTCCGCCGCTATCGCCGACGTTAAGCTGCCGGATAC 707 
                 ************************************************************ 
 
ATL2rescue1      AGATGACCGAGTCAGATATCGAACGGGGAGGAGAAGAGAGTAGGTGACTTGTCACGTGTT 1680 
ATL2seq3         AGATGACCGAGTCAGATATCGAACGGGGAGGAGAAGAGAGTAGGTGACTTGTCACGTGTT 316 
                 ************************************************************ 
 
ATL2rescue1      GGTGTCTGATTGGTTTAATGTTAACCGGGAGTAAAAAAAGGAATTACTACAAGTCAACAG 1740 
ATL2seq3         GGTGTCTGATTGGTTTAATGTTAACCGGGAGTAAAAAAAGGAATTACTACAAGTCAACAG 376 
                 ************************************************************ 
 
ATL2rescue1      GCTTTTGTCTAGGTGTTGATTTCGGCGCCCAAGGACACGTGGCGTAAACTGAGCTTCCAG 1800 
ATL2seq3         GCTTTTGTCTAGGTGTTGATTTCGGCGCCCAAGGACACGTGGCGTAAACTGAGCTTCCAG 436 
                 ************************************************************ 
 
ATL2rescue1      GAATCAATATTCACCGTCTATTATGATTAGATAGGTTAGATAGATTTGTGTAACGATGTA 1860 
ATL2seq3         GAATCAATATTCACCGTCTATTATGATTAGATAGGTTAGATAGATTTGTGTAACGATGTA 496 
                 ************************************************************ 
 
ATL2rescue1      CAAAGTCATCTACAATATTGAATCTATTTCCATTTATTTTACCATATTCTTTTTTTTTTT 1920 
ATL2seq3         CAAAGTCATCTACAATATTGAATCTATTTCCATTTATTTTACCATATTCTTTTTTTTTTT 556 
                 ************************************************************ 
 
ATL2rescue1      ATAATTTTCGAAGTTCTACAAACTCTTTTATGTAAAACACAATCCAATGGTCATAATTGT 1980 
ATL2seq3         ATAATTTTCGAAGTTCTACAAACTCTTTTATGTAAAACACAATCCAATGGTCATAATTGT 616 
                 ************************************************************ 
 
ATL2rescue1      GATAAAGACTTTGCATAATTTTTCCTTTATTTATTACCGATTTAATGTCTTCACTC---- 2036 
ATL2seq3         GATAAAGACTTTGCATAATTTTTCCTTTATTTATTACCGATTTAATGTCTTCACTCACCC 676 













Appendix VI-B: pDONR+AT5G43450rescue1 sequencing results. Primers AT5G43450rescue-F, 43450seq1, 43450seq2, 
43450seq3 and AT5G43450rescue-R were used (underlined regions). Region downstream of 3’UTR is in grey colour. 
 
AT5G43450rescue1       CCATATTTTTAGCTTGGGAATCTTGGATTAAATATTAGGACAATATTTTTAACTTGAGAA 60 
AT5G43450rescue-F      ------TTATAG------------AGATTAAATATTAGGACAATATTTTTAACTTGAGAA 42 
                             **:***            .*********************************** 
 
AT5G43450rescue1       TCTTGGTTTAAATATGAGAACCATATTTCAGAAAAAAAAAGTTTATATATGTGTAATTTT 120 
AT5G43450rescue-F      TCTTGGTTTAAATATGAGAACCATATTTCAGAAAAAAAAAGTTTATATATGTGTAATTTT 102 
                       ************************************************************ 
 
AT5G43450rescue1       GTCGGAACCGGATTTACTAACATTCGTAGGTAGTCGGATTTGGTCCCGTAAAATAAAATG 180 
AT5G43450rescue-F      GTCGGAACCGGATTTACTAACATTCGTAGGTAGTCGGATTTGGTCCCGTAAAATAAAATG 162 
                       ************************************************************ 
 
AT5G43450rescue1       GTAAATAAAACAAAATTAATAGTAAAGAAAATGAAAAATAATTTACAAACACAAATTAAA 240 
AT5G43450rescue-F      GTAAATAAAACAAAATTAATAGTAAAGAAAATGAAAAATAATTTACAAACACAAATTAAA 222 
                       ************************************************************ 
 
AT5G43450rescue1       TTGAATACAAACTAGCTATCATAATATTTTTCAAGTTGGTTTTCATGAACATTTTAGAGC 300 
AT5G43450rescue-F      TTGAATACAAACTAGCTATCATAATATTTTTCAAGTTGGTTTTCATGAACATTTTAGAGC 282 
                       ************************************************************ 
 
AT5G43450rescue1       ACTAAGCTATATAACAAAATAATAATAATTAAACATCTTTTAATCATTAAGTATTTAAAG 360 
AT5G43450rescue-F      ACTAAGCTATATAACAAAATAATAATAATTAAACATCTTTTAATCATTAAGTATTTAAAG 342 
                       ************************************************************ 
 
AT5G43450rescue1       ATCCATACAAATGTTGGTTACTTGGTACAACCAACAAGGCAAAGGCGGTACTGAATAAGA 420 
AT5G43450rescue-F      ATCCATACAAATGTTGGTTACTTGGTACAACCAACAAGGCAAAGGCGGTACTGAATAAGA 402 
                       ************************************************************ 
 
AT5G43450rescue1       ATATAAGATACATGAAAAATTGATCTACTATACTTTACAAAACGCGTTAGATATTATATA 480 
AT5G43450rescue-F      ATATAAGATACATGAAAAATTGATCTACTATACTTTACAAAACGCGTTAGATATTATATA 462 
                       ************************************************************ 
 
AT5G43450rescue1       ATTGCTACTCGTTCAATTCATGGGGATGTAGCTCAGATGGTAGAGCGCTCGCTTAGCATG 540 
AT5G43450seq1          ATTGCTACTCGTTCAATTCATGGGGATGTAGCTCAGATGGTAGAGCGCTCGCTTAGCATG 522 
                       ************************************************************ 
 
AT5G43450rescue1       CGAGAGGCACGGGGATCGATACCCCGCATCTCCACTTTTATTGTTTTCTTTTTAAGGTTC 600 
AT5G43450seq1          CGAGAGGCACGGGGATCGATACCCCGCATCTCCACTTTTATTGTTTTCTTTTTAAGGTTC 582 
                       ************************************************************ 
 
AT5G43450rescue1       TTTTTCTTTTAATTTATTTTCAATCTTCTAGTCTTCAATTCTGTTTTTGTTTCTGTCGGA 660 
AT5G43450seq1          TTTTTCTTTTAATTTATTTTCAATCTTCTAGTCTTCAATTCTGTTTTTGTTTCTGTCGGA 642 
                       ************************************************************ 
 
AT5G43450rescue1       ATCTCTTAAAAGTCAATTTAAATACTTTAAATTCCTTGCACAACACTCAATTTTGATACT 720 
AT5G43450seq1          ATCTCTTAAAAGTCAATTTAAATACTTTAAATTCCTTGCACAACACTCAATTTTGATACT 702 
                       ************************************************************ 
 
AT5G43450rescue1      TTGAATTCCTTGCACAACACAACACGTCGCTATCAATCACAGACACCACAAACTTGGACA 780 
43450seq1             TTGAATTCCTTGCACAACACAACACGTCGCTATCAATCACAGACACCACAAACTTGGACA 305 
                      ************************************************************ 
 
AT5G43450rescue1      CTTATCTTTAGTTCTGTCTTAAACTGAATCTCCCTCTTATCAATTCTGTTTTTGTTTCTG 840 
43450seq1             CTTATCTTTAGTTCTGTCTTAAACTGAATCTCCCTCTTATCAATTCTGTTTTTGTTTCTG 365 
                      ************************************************************ 
 
AT5G43450rescue1      TCGGAATATCTTAAAAGTCAATTTTAATACTTTGAATTCCTTGCACAACACAACACGTCG 900 
43450seq1             TCGGAATATCTTAAAAGTCAATTTTAATACTTTGAATTCCTTGCACAACACAACACGTCG 425 
                      ************************************************************ 
 
AT5G43450rescue1      CTCTCAATCACAGACACCACAAACTTCGACACTTATCTTTAGTTCCGTCTTAAATTGAAT 960 
43450seq2             CTCTCAATCACAGACACCACAAACTTCGACACTTATCTTTAGTTCCGTCTTAAATTGAAT 485 
                      ************************************************************ 
 
AT5G43450rescue1      CTTCCTCTTCTTCTTGAGTCTTCAGAACAACAACAAAAAACAGAATCTTGAAAGAAAGAA 1020 
43450seq2             CTTCCTCTTCTTCTTGAGTCTTCAGAACAACAACAAAAAACAGAATCTTGAAAGAAAGAA 545 
                      ************************************************************ 
 
 
AT5G43450rescue1      TCTTCTTGAGTCTTCAGAACAACAACAAAAAACAGAATCTTGAAAGAAAGAAAAAAAGAA 1080 
43450seq2             TCTTCTTGAGTCTTCAGAACAACAACAAAAAACAGAATCTTGAAAGAAAGAAAAAAAGAA 106 
                      ************************************************************ 
 
AT5G43450rescue1      AAAAACATGACAGAGAATTCTGAAAAAATCGATCGTTTAAACGATCTCACGACTTTTATC 1140 
207 
 
43450seq2             AAAAACATGACAGAGAATTCTGAAAAAATCGATCGTTTAAACGATCTCACGACTTTTATC 166 
                      ************************************************************ 
 
AT5G43450rescue1      TCGACGAAGACAGGAGTGAAAGGACTCGTCGATGCCGAAATAACCGAAGTTCCTAGCATG 1200 
43450seq2             TCGACGAAGACAGGAGTGAAAGGACTCGTCGATGCCGAAATAACCGAAGTTCCTAGCATG 226 
                      ************************************************************ 
 
AT5G43450rescue1      TTTCATGTCCCTTCTTCTATTTTATCAAACAACAGACCTTCTGATATCTCCGGCTTAAAC 1260 
43450seq2             TTTCATGTCCCTTCTTCTATTTTATCAAACAACAGACCTTCTGATATCTCCGGCTTAAAC 286 
                      ************************************************************ 
 
AT5G43450rescue1      CTCACCGTCCCAATCATCGACCTCGGAGATCGTAACACATCTTCAAGAAACGTTGTCATT 1320 
43450seq2             CTCACCGTCCCAATCATCGACCTCGGAGATCGTAACACATCTTCAAGAAACGTTGTCATT 346 
                      ************************************************************ 
 
AT5G43450rescue1      TCGAAGATCAAAGACGCAGCTGAGAATTGGGGATTTTTCCAAGTGATCAATCATGATGTT 1380 
43450seq2             TCGAAGATCAAAGACGCAGCTGAGAATTGGGGATTTTTCCAAGTGATCAATCATGATGTT 406 
                      ************************************************************ 
 
AT5G43450rescue1      CCTTTAACTGTTCTTGAAGAGATCAAAGAGAGTGTTCGAAGGTTTCATGAACAAGATCCA 1440 
43450seq3             CCTTTAACTGTTCTTGAAGAGATCAAAGAGAGTGTTCGAAGGTTTCATGAACAAGATCCA 466 
                      ************************************************************ 
 
AT5G43450rescue1      GTTGTCAAGAACCAATATCTTCCTACCGATAACAACAAGAGATTTGTTTATAACAATGAT 1500 
43450seq3             GTTGTCAAGAACCAATATCTTCCTACCGATAACAACAAGAGATTTGTTTATAACAATGAT 526 
                      ************************************************************ 
 
AT5G43450rescue1      TTCGATCTCTATCATTCTTCTCCTTTGAATTGGAGAGACTCTTTCACTTGTTATATTGCT 1560 
43450seq3             TTCGATCTCTATCATTCTTCTCCTTTGAATTGGAGAGACTCTTTCACTTGTTATATTGCT 586 
                      ************************************************************ 
 
AT5G43450rescue1      CCAGATCCTCCGAATCCAGAGGAAATCCCACTAGCTTGCAGGTACATGTTATATATAGTG 1620 
43450seq3             CCAGATCCTCCGAATCCAGAGGAAATCCCACTAGCTTGCAGGTACATGTTATATATAGTG 646 
                      ************************************************************ 
 
AT5G43450rescue1      ATTAATAGTATTATACTATTTGTTGTGTTTATGCTATTTCTAAACAATTTGGTTTCATAT 1680 
43450seq3             ATTAATAGTATTATACTATTTGTTGTGTTTATGCTATTTCTAAACAATTTGGTTTCATAT 706 
                      ************************************************************ 
 
AT5G43450rescue1      ATAACCAAAAAAAAAACTTTTTAGCATTATGTGATTGTTTAACATAAATTTACTTAGTTC 1740 
43450seq3             ATAACCAAAAAAAAAACTTTTTAGCATTATGTGATTGTTTAACATAAATTTACTTAGTTC 335 
                      ************************************************************ 
 
AT5G43450rescue1      AAATGATTCCACGATTTTATTATCTCAATTTTAATTCAAGTAAACAATTTCCTTTTCTAG 1800 
43450seq3             AAATGATTCCACGATTTTATTATCTCAATTTTAATTCAAGTAAACAATTTCCTTTTCTAG 395 
                      ************************************************************ 
 
AT5G43450rescue1      TGTTTTAATTCTTAATATGATGATTTTAGGAGTGCGGTGATCGAATACACGAAGCATGTA 1860 
43450seq3             TGTTTTAATTCTTAATATGATGATTTTAGGAGTGCGGTGATCGAATACACGAAGCATGTA 455 
                      ************************************************************ 
 
AT5G43450rescue1      ATGGAATTAGGAGCTGTGCTCTTCCAACTTCTCTCAGAAGCTTTAGGTTTAGACTCTGAG 1920 
43450seq4             ATGGAATTAGGAGCTGTGCTCTTCCAACTTCTCTCAGAAGCTTTAGGTTTAGACTCTGAG 515 
                      ************************************************************ 
 
AT5G43450rescue1      ACACTTAAGAGGATTGATTGTCTTAAGGGTTTGTTTATGCTCTGCCATTACTATCCACCT 1980 
43450seq4             ACACTTAAGAGGATTGATTGTCTTAAGGGTTTGTTTATGCTCTGCCATTACTATCCACCT 575 
                      ************************************************************ 
 
AT5G43450rescue1      TGCCCACAACCTGACCTAACTTTAGGTATAAGTAAACACACCGACAACTCTTTCCTCACG 2040 
43450seq4             TGCCCACAACCTGACCTAACTTTAGGTATAAGTAAACACACCGACAACTCTTTCCTCACG 635 
                      ************************************************************ 
 
 
AT5G43450rescue1      CTTCTTCTTCAAGACCAAATCGGTGGTCTTCAAGTTCTTCATGAAGATTATTGGGTCGAT 2100 
43450seq4             CTTCTTCTTCAAGACCAAATCGGTGGTCTTCAAGTTCTTCATGAAGATTATTGGGTCGAT 255 
                      ************************************************************ 
 
AT5G43450rescue1      GTCCCTCCTGTACCTGGAGCTCTTGTTGTCAACATTGGTGATTTCATGCAGGCAAGTCCA 2160 
43450seq4             GTCCCTCCTGTACCTGGAGCTCTTGTTGTCAACATTGGTGATTTCATGCAGGCAAGTCCA 315 
                      ************************************************************ 
 
AT5G43450rescue1      GTTGATGCATTCTTTTAACTAAAAAAACAGATTCTTTACCAATTAATTTGAGACATTTTG 2220 
43450seq4             GTTGATGCATTCTTTTAACTAAAAAAACAGATTCTTTACCAATTAATTTGAGACATTTTG 375 
                      ************************************************************ 
 
AT5G43450rescue1      TTTTGCAGCTGATAACGAACGATAAGTTCTTGAGCGTGGAGCATAGGGTACGACCGAACA 2280 
43450seq4             TTTTGCAGCTGATAACGAACGATAAGTTCTTGAGCGTGGAGCATAGGGTACGACCGAACA 435 




AT5G43450rescue1      AAGATAGACCGCGGATTTCAGTTGCGTGCTTCTTTAGCTCGAGTCTTTCTCCAAATTCCA 2340 
43450seq4             AAGATAGACCGCGGATTTCAGTTGCGTGCTTCTTTAGCTCGAGTCTTTCTCCAAATTCCA 495 
                      ************************************************************ 
 
AT5G43450rescue1      CGGTTTATGGACCGATTAAAGATCTTTTGTCTGATGAAAACCCTGCTAAGTACAAAGATA 2400 
43450seq4             CGGTTTATGGACCGATTAAAGATCTTTTGTCTGATGAAAACCCTGCTAAGTACAAAGATA 555 
                      ************************************************************ 
 
AT5G43450rescue1      TCACCATACCAGAGTACACTGCAGGATTTCTTGCGAGCATTTTTGATGAAAAGTCGTATT 2460 
43450seq4             TCACCATACCAGAGTACACTGCAGGATTTCTTGCGAGCATTTTTGATGAAAAGTCGTATT 615 
                      ************************************************************ 
 
AT5G43450rescue1      TGACTAATTACATGATATGAAGAAAATACTTGTCCGAGTGCAAAATATATATTTGTGCGT 2520 
43450seq4             TGACTAATTACATGATATGAAGAAAATACTTGTCCGAGTGCAAAATATATATTTGTGCGT 675 
                      ************************************************************ 
 
AT5G43450rescue1      TTTGCATATGTTACGCTACATTTTCTTTGTACCCGCTATAGAGTTCCTCAACCATTGTAC 2580 
43450seq4             TTTGCATATGTTACGCTACATTTTCTTTGTACCCGCTATAGAGTTCCTCAACCATTGTAC 735 
                      ************************************************************ 
 
AT5G43450rescue1      CAATAAGAAAAAATGTTTTCTACTTCATGCTTAAAACAGCATTCTAGGCTTGTAGCTAAC 2640 
43450seq4             CAATAAGAAAAAATGTTTTCTACTTCATGCTTAAAACAGCATTCTAGGCTTGTAGCTAAC 549 
                      ************************************************************ 
 
AT5G43450rescue1      AAGTCAAACTATAAGTTATCTTTTTCAAACTACAAAAGCTTAGTTTTTGAGCCGTAAGAG 2700 
43450rescue-R         AAGTCAAACTATAAGTTATCTTTTTCAAACTACAAAAGCTTAGTTTTTGAGCCGTAAGAG 609 
                      ************************************************************ 
 
AT5G43450rescue1      TCAGAAGTAGACAATGACATTAGTCCAAAAGCTAGCCAAATCGGCTAGCAAGAATGTTAT 2760 
43450rescue-R         TCAGAAGTAGACAAG-ACATTAGTCCAAAAGCTAGCCAAATCATTATGTTGACTTG---- 664 
                      **************  **************************.  ::* :...:**     
 
AT5G43450rescue1      C 2761 












Appendix VI-C: pDONR+ATL2rescue2 sequencing results. Primers ATL2-F, ATL2seq1, ATL2seq2 and ATL2seq3 and were 
used (underlined regions). Amplified region includes ATL2 promoter and coding sequence, except last two bases of the 
STOP codon. 
 
ATL2rescue2      ACCAGTTGAGGAAACATTGTACTTAATTATAACTGGGAATGTCTAAAGGTAACTTATGAA 60 
ATL2-F           --CGGTCGATGTAG----GGAAATTCTTGTAAATGGG-ATGTCTAAAGGTAACTTATGAA 53 
                   *.** ** *:*.    * *.:*:.**.***.**** ********************** 
 
ATL2rescue2      CTTCTATCGACGGCACAGTGGTCAGATTAACTTCCACCGAACAAGTTTTGGATTCGGAAA 120 
ATL2-F           CTTCTATCGACGGCACAGTGGTCAGATTAACTTCCACCGAACAAGTTTTGGATTCGGAAA 113 
                 ************************************************************ 
 
ATL2rescue2      AAACAATTTGAACTGTGGACGACAAGCACGAGCCAAGTGATATTTATTTATTTATTTTAC 180 
ATL2-F           AAACAATTTGAACTGTGGACGACAAGCACGAGCCAAGTGATATTTATTTATTTATTTTAC 173 
                 ************************************************************ 
 
ATL2rescue2      CGACTAAAAAAATCTTTGTAGTAATTTAAAATTTTCAATGCAGAAAATATTATGCTAAAT 240 
ATL2-F           CGACTAAAAAAATCTTTGTAGTAATTTAAAATTTTCAATGCAAAAAATATTATGCTAAAT 233 
                 ******************************************.***************** 
 
ATL2rescue2      TAAAGTGAATATTTGATACTAACTAGTTGACCCGCAAATATAATCTTAACTTTATCATAT 300 
ATL2-F           TAAAGTGAATATTTGATACTAACTAGTTGACCCGCAAATATAATCTTAACTTTATCATAT 293 
                 ************************************************************ 
 
ATL2rescue2      TGTTGTGATACTATTTACATATCAAAGTATTAAATCCCATTTTCCCTGTAATGAGTATCT 360 
ATL2-F           TGTTGTGATACTATTTACATATCAAAGTATTAAATCCCATTTTCCCTGTAATGAGTATCT 353 
                 ************************************************************ 
 
ATL2rescue2      ATTTATCCCTTTATCATAAAATAATAATCCAAAATACGTGCTCTCTTAATTTATAGAAAA 420 
ATL2-F           ATTTATCCCTTTATCATAAAATAATAATCCAAAATACGTGCTCTCTTAATTTATAGAAAA 413 
                 ************************************************************ 
 
ATL2rescue2      ATAAAAGTTAATAACTATTTAGAACCTTATGGTAAAAAAAAATACAAGTAAAAGTATATC 480 
ATL2-F           ATAAAAGTTAATAACTATTTAGAACCTTATGGTAAAAAAAAATACAAGTAAAAGTATATC 473 
                 ************************************************************ 
 
ATL2rescue2      TCTAAGCATTTTCCCTTTGAAATTTTCAAACTAATTAAATAGTTACCAAAACAAAAAGAA 540 
ATL2seq1         TCTAAGCATTTTCCCTTTGAAATTTTCAAACTAATTAAATAGTTACCAAAACAAAAAGAA 81 
                 ************************************************************ 
 
ATL2rescue2      GAAGGGCAGAATAGTCAAAAGAGAAAACTCGCGCGTCAACGTTGGCGTCGTCTTGCCAAA 600 
ATL2seq1         GAAGGGCAGAATAGTCAAAAGAGAAAACTCGCGCGTCAACGTTGGCGTCGTCTTGCCAAA 141 
                 ************************************************************ 
 
ATL2rescue2      CTTTGCCAATAATAATAATTAGACTTCTGCACTTTCTCACGAACCTCTCTGTCTCGTCCA 660 
ATL2seq1         CTTTGCCAATAATAATAATTAGACTTCTGCACTTTCTCACGAACCTCTCTGTCTCGTCCA 201 
                 ************************************************************ 
 
ATL2rescue2      TTACTTAAAAACCAAATCTTTCATCATCTTCCTTCACCAGTTGACTCTCTTTCAATCTAT 720 
ATL2seq1         TTACTTAAAAACCAAATCTTTCATCATCTTCCTTCACCAGTTGACTCTCTTTCAATCTAT 261 
                 ************************************************************ 
 
ATL2rescue2      CTCTGAATCTCTCACTCTCCTACCCGAAAACCATGAACTCCAACGACCAGGATCCGATTC 780 
ATL2seq1         CTCTGAATCTCTCACTCTCCTACCCGAAAACCATGAACTCCAACGACCAGGATCCGATTC 321 
                 ************************************************************ 
 
ATL2rescue2      CGTTCAGACCCGAAGACAACAACTTCTCCGGTTCCAAAACCTACGCCATGAGCGGCAAAA 840 
ATL2seq1         CGTTCAGACCCGAAGACAACAACTTCTCCGGTTCCAAAACCTACGCCATGAGCGGCAAAA 381 
                 ************************************************************ 
 
ATL2rescue2      TCATGCTAAGTGCAATAGTAATCCTCTTCTTCGTCGTCATTTTAATGGTCTTCCTCCATC 900 
ATL2seq1         TCATGCTAAGTGCAATAGTAATCCTCTTCTTCGTCGTCATTTTAATGGTCTTCCTCCATC 441 
                 ************************************************************ 
 
ATL2rescue2      TTTACGCTCGTTGGTATCTCCTCCGTGCTCGTAGACGTCATCTCCGTCGTCGTAGCCGTA 960 
ATL2seq2         TTTACGCTCGTTGGTATCTCCTCCGTGCTCGTAGACGTCATCTCCGTCGTCGTAGCCGTA 501 
                 ************************************************************ 
 
ATL2rescue2      ACCGTCGCGCTACGATGGTTTTCTTCACCGCTGATCCTTCCACCGCCGCAACTTCCGTCG 1020 
ATL2seq2         ACCGTCGCGCTACGATGGTTTTCTTCACCGCTGATCCTTCCACCGCCGCAACTTCCGTCG 561 
                 ************************************************************ 
 
ATL2rescue2      TCGCTTCACGTGGACTTGATCCAAACGTTATTAAATCTCTTCCTGTTTTCACTTTCTCCG 1080 
ATL2seq2         TCGCTTCACGTGGACTTGATCCAAACGTTATTAAATCTCTTCCTGTTTTCACTTTCTCCG 621 
                 ************************************************************ 
 
ATL2rescue2      ACGAGACTCATAAAGATCCGATCGAATGCGCCGTTTGTTTATCGGAATTCGAAGAGAGCG 1140 
ATL2seq2         ACGAGACTCATAAAGATCCGATCGAATGCGCCGTTTGTTTATCGGAATTCGAAGAGAGCG 681 
210 
 
                 ************************************************************ 
 
ATL2rescue2      AGACGGGTCGGGTTTTGCCCAATTGTCAACATACTTTTCATGTTGATTGTATTGATATGT 1200 
ATL2seq2         AGACGGGTCGGGTTTTGCTCAATTGTCAACATACTTTTCATGTTGATTGTATTGATATGT 741 
                 ****************** ***************************************** 
 
ATL2rescue2      GGTTTCATTCTCATTCCACTTGTCCTCTTTGTCGATCTCTCGTTGAGTCTCTCGCCGGGA 1260 
ATL2seq2         GGTTTCATTCTCATTCCACTTGTCCTCTTTGTCGATCTCTCGTTGAGTCTCTCGCCGGGA 349 
                 ************************************************************ 
 
ATL2rescue2      TTGAATCAACGGCGGCGGCGAGGGAGAGGGAAGTTGTGATTGCGGTTGATTCTGATCCGG 1320 
ATL2seq2         TTGAATCAACGGCGGCGGCGAGGGAGAGGGAAGTTGTGATTGCGGTTGATTCTGATCCGG 409 
                 ************************************************************ 
 
ATL2rescue2      TTTTGGTAATTGAACCGAGTTCTAGCTCTGGATTGACGGATGAACCACATGGATCTGGAT 1380 
ATL2seq2         TTTTGGTAATTGAACCGAGTTCTAGCTCTGGATTGACGGATGAACCACATGGATCTGGAT 469 
                 ************************************************************ 
 
ATL2rescue2      CTTCTCAGATGCTGAGGGAAGATTCCGGGAGAAAACCGGCGGCGATTGAGGTTCCGAGGA 1440 
ATL2seq3         CTTCTCAGATGCTGAGGGAAGATTCCGGGAGAAAACCGGCGGCGATTGAGGTTCCGAGGA 529 
                 ************************************************************ 
 
ATL2rescue2      GGACTTTTAGCGAGTTTGAAGATGAGTTGACTCGGAGAGACTCGCCGGCGAGTCAGTCGT 1500 
ATL2seq3         GGACTTTTAGCGAGTTTGAAGATGAGTTGACTCGGAGAGACTCGCCGGCGAGTCAGTCGT 589 
                 ************************************************************ 
 
ATL2rescue2      TTAGGTCTCCGATGAGTCGGATGTTATCTTTCACTCGGATGTTGAGTAGAGATAGAAGAA 1560 
ATL2seq3         TTAGGTCTCCGATGAGTCGGATGTTATCTTTCACTCGGATGTTGAGTAGAGATAGAAGAA 649 
                 ************************************************************ 
 
ATL2rescue2      GCGCTTCGTCTCCTATCGCCGGAGCTCCGCCGCTATCGCCGACGTTAAGCTGCCGGATAC 1620 
ATL2seq3         GCGCTTCGTCTCCTATCGCCGGAGCTCCGCCGCTATCGCCGACGTTAAGCTGCCGGATAC 709 
                 ************************************************************ 
 
ATL2rescue2      AGATGACCGAGTCAGATATCGAACGGGGAGGAGAAGAGAGTAGGT--------------- 1665 
ATL2seq3         AGATGACCGAGTCAGATATCGAACGGGGAGGAGAAGAGAGTAGGTACCCAGCTTTCTTGT 769 


















Appendix VI-D: pDONR+AT5G43450rescue2 sequencing results. Primers AT5G43450rescue-F, 43450seq1, 43450seq2, 
43450seq3 and M13R were used (highlighted regions). Amplified region includes AT5G43450 promoter and coding 
sequence, except last two bases of the STOP codon. 
 
AT5G43450rescue2       CCATATTTTTAGCTTGGGAATCTTGGATTAAATATTAGGACAATATTTTTAACTTGAGAA 60 
AT5G43450rescue-F      CATGGGGAAAAGCTCG-----TTTGGAT--AATATTAGGACAT-ATTTTTAACTTGAGAA 52 
                       *.: .  :::**** *      ******  ************: **************** 
 
AT5G43450rescue2       TCTTGGTTTAAATATGAGAACCATATTTCAGAAAAAAAAAGTTTATATATGTGTAATTTT 120 
AT5G43450rescue-F      TCTTGGTTTAAATATGAGAACCATATTTCAGAAAAAAAAAGTTTATATATGTGTAATTTT 112 
                       ************************************************************ 
 
AT5G43450rescue2       GTCGGAACCGGATTTACTAACATTCGTAGGTAGTCGGATTTGGTCCCGTAAAATAAAATG 180 
AT5G43450rescue-F      GTCGGAACCGGATTTACTAACATTCGTAGGTAGTCGGATTTGGTCCCGTAAAATAAAATG 172 
                       ************************************************************ 
 
AT5G43450rescue2       GTAAATAAAACAAAATTAATAGTAAAGAAAATGAAAAATAATTTACAAACACAAATTAAA 240 
AT5G43450rescue-F      GTAAATAAAACAAAATTAATAGTAAAGAAAATGAAAAATAATTTACAAACACAAATTAAA 232 
                       ************************************************************ 
 
AT5G43450rescue2       TTGAATACAAACTAGCTATCATAATATTTTTCAAGTTGGTTTTCATGAACATTTTAGAGC 300 
AT5G43450rescue-F      TTGAATACAAACTAGCTATCATAATATTTTTCAAGTTGGTTTTCATGAACATTTTAGAGC 292 
                       ************************************************************ 
 
AT5G43450rescue2       ACTAAGCTATATAACAAAATAATAATAATTAAACATCTTTTAATCATTAAGTATTTAAAG 360 
AT5G43450rescue-F      ACTAAGCTATATAACAAAATAATAATAATTAAACATCTTTTAATCATTAAGTATTTAAAG 352 
                       ************************************************************ 
 
AT5G43450rescue2       ATCCATACAAATGTTGGTTACTTGGTACAACCAACAAGGCAAAGGCGGTACTGAATAAGA 420 
AT5G43450rescue-F      ATCCATACAAATGTTGGTTACTTGGTACAACCAACAAGGCAAAGGCGGTACTGAATAAGA 412 
                       ************************************************************ 
 
AT5G43450rescue2       ATATAAGATACATGAAAAATTGATCTACTATACTTTACAAAACGCGTTAGATATTATATA 480 
AT5G43450rescue-F      ATATAAGATACATGAAAAATTGATCTACTATACTTTACAAAACGCGTTAGATATTATATA 472 
                       ************************************************************ 
 
AT5G43450rescue2       ATTGCTACTCGTTCAATTCATGGGGATGTAGCTCAGATGGTAGAGCGCTCGCTTAGCATG 540 
AT5G43450seq1          ATTGCTACTCGTTCAATTCATGGGGATGTAGCTCAGATGGTAGAGCGCTCGCTTAGCATG 532 
                       ************************************************************ 
 
AT5G43450rescue2      CGAGAGGCACGGGGATCGATACCCCGCATCTCCACTTTTATTGTTTTCTTTTTAAGGTTC 600 
AT5G43450seq1         CGAGAGGCACGGGGATCGATACCCCGCATCTCCACTTTTATTGTTTTCTTTTTAAGGTTC 124 
                      ************************************************************ 
 
AT5G43450rescue2      TTTTTCTTTTAATTTATTTTCAATCTTCTAGTCTTCAATTCTGTTTTTGTTTCTGTCGGA 660 
AT5G43450seq1         TTTTTCTTTTAATTTATTTTCAATCTTCTAGTCTTCAATTCTGTTTTTGTTTCTGTCGGA 184 
                      ************************************************************ 
 
AT5G43450rescue2      ATCTCTTAAAAGTCAATTTAAATACTTTAAATTCCTTGCACAACACTCAATTTTGATACT 720 
AT5G43450seq1         ATCTCTTAAAAGTCAATTTAAATACTTTAAATTCCTTGCACAACACTCAATTTTGATACT 244 
                      ************************************************************ 
 
AT5G43450rescue2      TTGAATTCCTTGCACAACACAACACGTCGCTATCAATCACAGACACCACAAACTTGGACA 780 
AT5G43450seq1         TTGAATTCCTTGCACAACACAACACGTCGCTATCAATCACAGACACCACAAACTTGGACA 304 
                      ************************************************************ 
 
AT5G43450rescue2      CTTATCTTTAGTTCTGTCTTAAACTGAATCTCCCTCTTATCAATTCTGTTTTTGTTTCTG 840 
AT5G43450seq1         CTTATCTTTAGTTCTGTCTTAAACTGAATCTCCCTCTTATCAATTCTGTTTTTGTTTCTG 364 
                      ************************************************************ 
 
AT5G43450rescue2      TCGGAATATCTTAAAAGTCAATTTTAATACTTTGAATTCCTTGCACAACACAACACGTCG 900 
AT5G43450seq1         TCGGAATATCTTAAAAGTCAATTTTAATACTTTGAATTCCTTGCACAACACAACACGTCG 424 
                      ************************************************************ 
 
AT5G43450rescue2      CTCTCAATCACAGACACCACAAACTTCGACACTTATCTTTAGTTCCGTCTTAAATTGAAT 960 
AT5G43450seq2         CTCTCAATCACAGACACCACAAACTTCGACACTTATCTTTAGTTCCGTCTTAAATTGAAT 484 
                      ************************************************************ 
 
AT5G43450rescue2      CTTCCTCTTCTTCTTGAGTCTTCAGAACAACAACAAAAAACAGAATCTTGAAAGAAAGAA 1020 
AT5G43450seq2         CTTCCTCTTCTTCTTGAGTCTTCAGAACAACAACAAAAAACAGAATCTTGAAAGAAAGAA 544 
                      ************************************************************ 
 
AT5G43450rescue2      AAAAAGAAAAAAACATGACAGAGAATTCTGAAAAAATCGATCGTTTAAACGATCTCACGA 1080 
AT5G43450seq2         AAAAAGAAAAAAACATGACAGAGAATTCTGAAAAAATCGATCGTTTAAACGATCTCACGA 157 




AT5G43450rescue2      CTTTTATCTCGACGAAGACAGGAGTGAAAGGACTCGTCGATGCCGAAATAACCGAAGTTC 1140 
AT5G43450seq2         CTTTTATCTCGACGAAGACAGGAGTGAAAGGACTCGTCGATGCCGAAATAACCGAAGTTC 217 
                      ************************************************************ 
 
AT5G43450rescue2      CTAGCATGTTTCATGTCCCTTCTTCTATTTTATCAAACAACAGACCTTCTGATATCTCCG 1200 
AT5G43450seq2         CTAGCATGTTTCATGTCCCTTCTTCTATTTTATCAAACAACAGACCTTCTGATATCTCCG 277 
                      ************************************************************ 
 
AT5G43450rescue2      GCTTAAACCTCACCGTCCCAATCATCGACCTCGGAGATCGTAACACATCTTCAAGAAACG 1260 
AT5G43450seq2         GCTTAAACCTCACCGTCCCAATCATCGACCTCGGAGATCGTAACACATCTTCAAGAAACG 337 
                      ************************************************************ 
 
AT5G43450rescue2      TTGTCATTTCGAAGATCAAAGACGCAGCTGAGAATTGGGGATTTTTCCAAGTGATCAATC 1320 
AT5G43450seq2         TTGTCATTTCGAAGATCAAAGACGCAGCTGAGAATTGGGGATTTTTCCAAGTGATCAATC 397 
                      ************************************************************ 
 
AT5G43450rescue2      ATGATGTTCCTTTAACTGTTCTTGAAGAGATCAAAGAGAGTGTTCGAAGGTTTCATGAAC 1380 
AT5G43450seq2         ATGATGTTCCTTTAACTGTTCTTGAAGAGATCAAAGAGAGTGTTCGAAGGTTTCATGAAC 457 
                      ************************************************************ 
 
AT5G43450rescue2      AAGATCCAGTTGTCAAGAACCAATATCTTCCTACCGATAACAACAAGAGATTTGTTTATA 1440 
AT5G43450seq3         AAGATCCAGTTGTCAAGAACCAATATCTTCCTACCGATAACAACAAGAGATTTGTTTATA 517 
                      ************************************************************ 
 
AT5G43450rescue2      ACAATGATTTCGATCTCTATCATTCTTCTCCTTTGAATTGGAGAGACTCTTTCACTTGTT 1500 
AT5G43450seq3         ACAATGATTTCGATCTCTATCATTCTTCTCCTTTGAATTGGAGAGACTCTTTCACTTGTT 577 
                      ************************************************************ 
 
AT5G43450rescue2      ATATTGCTCCAGATCCTCCGAATCCAGAGGAAATCCCACTAGCTTGCAGGTACATGTTAT 1560 
AT5G43450seq3         ATATTGCTCCAGATCCTCCGAATCCAGAGGAAATCCCACTAGCTTGCAGGTACATGTTAT 205 
                      ************************************************************ 
 
AT5G43450rescue2      ATATAGTGATTAATAGTATTATACTATTTGTTGTGTTTATGCTATTTCTAAACAATTTGG 1620 
AT5G43450seq3         ATATAGTGATTAATAGTATTATACTATTTGTTGTGTTTATGCTATTTCTAAACAATTTGG 265 
                      ************************************************************ 
 
AT5G43450rescue2      TTTCATATATAACCAAAAAAAAAACTTTTTAGCATTATGTGATTGTTTAACATAAATTTA 1680 
AT5G43450seq3         TTTCATATATAACCAAAAAAAAAACTTTTTAGCATTATGTGATTGTTTAACATAAATTTA 325 
                      ************************************************************ 
 
AT5G43450rescue2      CTTAGTTCAAATGATTCCACGATTTTATTATCTCAATTTTAATTCAAGTAAACAATTTCC 1740 
AT5G43450seq3         CTTAGTTCAAATGATTCCACGATTTTATTATCTCAATTTTAATTCAAGTAAACAATTTCC 385 
                      ************************************************************ 
 
AT5G43450rescue2      TTTTCTAGTGTTTTAATTCTTAATATGATGATTTTAGGAGTGCGGTGATCGAATACACGA 1800 
AT5G43450seq3         TTTTCTAGTGTTTTAATTCTTAATATGATGATTTTAGGAGTGCGGTGATCGAATACACGA 445 
                      ************************************************************ 
 
AT5G43450rescue2      AGCATGTAATGGAATTAGGAGCTGTGCTCTTCCAACTTCTCTCAGAAGCTTTAGGTTTAG 1860 
AT5G43450seq3         AGCATGTAATGGAATTAGGAGCTGTGCTCTTCCAACTTCTCTCAGAAGCTTTAGGTTTAG 505 
                      ************************************************************ 
 
AT5G43450rescue2      ACTCTGAGACACTTAAGAGGATTGATTGTCTTAAGGGTTTGTTTATGCTCTGCCATTACT 1920 
AT5G43450seq3         ACTCTGAGACACTTAAGAGGATTGATTGTCTTAAGGGTTTGTTTATGCTCTGCCATTACT 565 
                      ************************************************************ 
 
AT5G43450rescue2      ATCCACCTTGCCCACAACCTGACCTAACTTTAGGTATAAGTAAACACACCGACAACTCTT 1980 
AT5G43450seq3         ATCCACCTTGCCCACAACCTGACCTAACTTTAGGTATAAGTAAACACACCGACAACTCTT 625 
                      ************************************************************ 
 
AT5G43450rescue2      TCCTCACGCTTCTTCTTCAAGACCAAATCGGTGGTCTTCAAGTTCTTCATGAAGATTATT 2040 
AT5G43450seq3         TCCTCACGCTTCTTCTTCAAGACCAAATCGGTGGTCTTCAAGTTCTTCATGAAGATTATT 685 
                      ************************************************************ 
 
AT5G43450rescue2      GGGTCGATGTCCCTCCTGTACCTGGAGCTCTTGTTGTCAACATTGGTGATTTCATGCAGG 2100 
M13R                  GGGTCGATGTCCCTCCTGTACCTGGAGCTCTTGTTGTCAACATTGGTGATTTCATGCAGG 337 
                      ************************************************************ 
 
AT5G43450rescue2      CAAGTCCAGTTGATGCATTCTTTTAACTAAAAAAACAGATTCTTTACCAATTAATTTGAG 2160 
M13R                  CAAGTCCAGTTGATGCATTCTTTTAACTAAAAAAACAGATTCTTTACCAATTAATTTGAG 397 
                      ************************************************************ 
 
AT5G43450rescue2      ACATTTTGTTTTGCAGCTGATAACGAACGATAAGTTCTTGAGCGTGGAGCATAGGGTACG 2220 
M13R                  ACATTTTGTTTTGCAGCTGATAACGAACGATAAGTTCTTGAGCGTGGAGCATAGGGTACG 457 
                      ************************************************************ 
 
AT5G43450rescue2      ACCGAACAAAGATAGACCGCGGATTTCAGTTGCGTGCTTCTTTAGCTCGAGTCTTTCTCC 2280 
M13R                  ACCGAACAAAGATAGACCGCGGATTTCAGTTGCGTGCTTCTTTAGCTCGAGTCTTTCTCC 517 




AT5G43450rescue2      AAATTCCACGGTTTATGGACCGATTAAAGATCTTTTGTCTGATGAAAACCCTGCTAAGTA 2340 
M13R                  AAATTCCACGGTTTATGGACCGATTAAAGATCTTTTGTCTGATGAAAACCCTGCTAAGTA 577 
                      ************************************************************ 
 
AT5G43450rescue2      CAAAGATATCACCATACCAGAGTACACTGCAGGATTTCTTGCGAGCATTTTTGATGAAAA 2400 
M13R                  CAAAGATATCACCATACCAGAGTACACTGCAGGATTTCTTGCGAGCATTTTTGATGAAAA 637 
                      ************************************************************ 
 
AT5G43450rescue2      GTCGTATTTGACTAATTACATGATAT---------------------------------- 2426 
M13R                  GTCGTATTTGACTAATTACATGATATACACCCAGCTTTCTTGTACAAAGTTGGCATTATA 697 
























Appendix VI-E: pDONR+AT5G43450rescue2full sequencing results. Primers AT5G43450rescue-F, 43450seq1, 
43450seq2, 43450seq3 and M13R were used (underlined regions). Amplified region includes AT5G43450 promoter 
and coding sequence, linker region and Citrine. 
 
 
AT5G43450rescue2full      CCATATTTTTAGCTTGGGAATCTTGGATTAAATATTAGGACATGGTAATAAATTGGATAA 60 
AT5G43450rescue-F         ------------------------------------------TGGTAATAAATTGGATAA 18 
                                                                    ****************** 
 
AT5G43450rescue2full      ATTAGGACATATTTTTAACTTGAGAATCTTGGTTTAAATATGAGAACCATATTTCAGAAA 120 
AT5G43450rescue-F         ATTAGGACATATTTTTAACTTGAGAATCTTGGTTTAAATATGAGAACCATATTTCAGAAA 78 
                          ************************************************************ 
 
AT5G43450rescue2full      AAAAAAGTTTATATATGTGTAATTTTGTCGGAACCGGATTTACTAACATTCGTAGGTAGT 180 
AT5G43450rescue-F         AAAAAAGTTTATATATGTGTAATTTTGTCGGAACCGGATTTACTAACATTCGTAGGTAGT 138 
                          ************************************************************ 
 
AT5G43450rescue2full      CGGATTTGGTCCCGTAAAATAAAATGGTAAATAAAACAAAATTAATAGTAAAGAAAATGA 240 
AT5G43450rescue-F         CGGATTTGGTCCCGTAAAATAAAATGGTAAATAAAACAAAATTAATAGTAAAGAAAATGA 198 
                          ************************************************************ 
 
AT5G43450rescue2full      AAAATAATTTACAAACACAAATTAAATTGAATACAAACTAGCTATCATAATATTTTTCAA 300 
AT5G43450rescue-F         AAAATAATTTACAAACACAAATTAAATTGAATACAAACTAGCTATCATAATATTTTTCAA 258 
                          ************************************************************ 
 
AT5G43450rescue2full      GTTGGTTTTCATGAACATTTTAGAGCACTAAGCTATATAACAAAATAATAATAATTAAAC 360 
AT5G43450rescue-F         GTTGGTTTTCATGAACATTTTAGAGCACTAAGCTATATAACAAAATAATAATAATTAAAC 318 
                          ************************************************************ 
 
AT5G43450rescue2full      ATCTTTTAATCATTAAGTATTTAAAGATCCATACAAATGTTGGTTACTTGGTACAACCAA 420 
AT5G43450rescue-F         ATCTTTTAATCATTAAGTATTTAAAGATCCATACAAATGTTGGTTACTTGGTACAACCAA 378 
                          ************************************************************ 
 
AT5G43450rescue2full      CAAGGCAAAGGCGGTACTGAATAAGAATATAAGATACATGAAAAATTGATCTACTATACT 480 
AT5G43450rescue-F         CAAGGCAAAGGCGGTACTGAATAAGAATATAAGATACATGAAAAATTGATCTACTATACT 438 
                          ************************************************************ 
 
AT5G43450rescue2full      TTACAAAACGCGTTAGATATTATATAATTGCTACTCGTTCAATTCATGGGGATGTAGCTC 540 
43450seq1                 TTACAAAACGCGTTAGATATTATATAATTGCTACTCGTTCAATTCATGGGGATGTAGCTC 498 
                          ************************************************************ 
 
AT5G43450rescue2full      AGATGGTAGAGCGCTCGCTTAGCATGCGAGAGGCACGGGGATCGATACCCCGCATCTCCA 600 
43450seq1                 AGATGGTAGAGCGCTCGCTTAGCATGCGAGAGGCACGGGGATCGATACCCCGCATCTCCA 558 
                          ************************************************************ 
 
AT5G43450rescue2full      AGATGGTAGAGCGCTCGCTTAGCATGCGAGAGGCACGGGGATCGATACCCCGCATCTCCA 600 
43450seq1                 AGATGGTAGAGCGCTCGCTTAGCATGCGAGAGGCACGGGGATCGATACCCCGCATCTCCA 90 
                          ************************************************************ 
 
AT5G43450rescue2full      CTTTTATTGTTTTCTTTTTAAGGTTCTTTTTCTTTTAATTTATTTTCAATCTTCTAGTCT 660 
43450seq1                 CTTTTATTGTTTTCTTTTTAAGGTTCTTTTTCTTTTAATTTATTTTCAATCTTCTAGTCT 150 
                          ************************************************************ 
 
AT5G43450rescue2full      TCAATTCTGTTTTTGTTTCTGTCGGAATCTCTTAAAAGTCAATTTAAATACTTTAAATTC 720 
43450seq1                 TCAATTCTGTTTTTGTTTCTGTCGGAATCTCTTAAAAGTCAATTTAAATACTTTAAATTC 210 
                          ************************************************************ 
 
AT5G43450rescue2full      CTTGCACAACACTCAATTTTGATACTTTGAATTCCTTGCACAACACAACACGTCGCTATC 780 
43450seq1                 CTTGCACAACACTCAATTTTGATACTTTGAATTCCTTGCACAACACAACACGTCGCTATC 270 
                          ************************************************************ 
 
AT5G43450rescue2full      AATCACAGACACCACAAACTTGGACACTTATCTTTAGTTCTGTCTTAAACTGAATCTCCC 840 
43450seq1                 AATCACAGACACCACAAACTTGGACACTTATCTTTAGTTCTGTCTTAAACTGAATCTCCC 330 
                          ************************************************************ 
 
AT5G43450rescue2full      TCTTATCAATTCTGTTTTTGTTTCTGTCGGAATATCTTAAAAGTCAATTTTAATACTTTG 900 
43450seq1                 TCTTATCAATTCTGTTTTTGTTTCTGTCGGAATATCTTAAAAGTCAATTTTAATACTTTG 390 
                          ************************************************************ 
 
AT5G43450rescue2full      AATTCCTTGCACAACACAACACGTCGCTCTCAATCACAGACACCACAAACTTCGACACTT 960 
43450seq1                 AATTCCTTGCACAACACAACACGTCGCTCTCAATCACAGACACCACAAACTTCGACACTT 450 
                          ************************************************************ 
 
AT5G43450rescue2full      ATCTTTAGTTCCGTCTTAAATTGAATCTTCCTCTTCTTCTTGAGTCTTCAGAACAACAAC 1020 
43450seq2                 ATCTTTAGTTCCGTCTTAAATTGAATCTTCCTCTTCTTCTTGAGTCTTCAGAACAACAAC 510 




AT5G43450rescue2full      AAAAAACAGAATCTTGAAAGAAAGAAAAAAAGAAAAAAACATGACAGAGAATTCTGAAAA 1080 
43450seq2                 AAAAAACAGAATCTTGAAAGAAAGAAAAAAAGAAAAAAACATGACAGAGAATTCTGAAAA 570 
                          ************************************************************ 
 
AT5G43450rescue2full      AATCGATCGTTTAAACGATCTCACGACTTTTATCTCGACGAAGACAGGAGTGAAAGGACT 1140 
43450seq2                 AATCGATCGTTTAAACGATCTCACGACTTTTATCTCGACGAAGACAGGAGTGAAAGGACT 630 
                          ************************************************************ 
 
AT5G43450rescue2full      CGTCGATGCCGAAATAACCGAAGTTCCTAGCATGTTTCATGTCCCTTCTTCTATTTTATC 1200 
43450seq2                 CGTCGATGCCGAAATAACCGAAGTTCCTAGCATGTTTCATGTCCCTTCTTCTATTTTATC 690 
                          ************************************************************ 
 
AT5G43450rescue2full      AAACAACAGACCTTCTGATATCTCCGGCTTAAACCTCACCGTCCCAATCATCGACCTCGG 1260 
43450seq2                 AAACAACAGACCTTCTGATATCTCCGGCTTAAACCTCACCGTCCCAATCATCGACCTCGG 750 
                          ************************************************************ 
        
AT5G43450rescue2full      AGATCGTAACACATCTTCAAGAAACGTTGTCATTTCGAAGATCAAAGACGCAGCTGAGAA 1320 
43450seq2                 AGATCGTAACACATCTTCAAGAAACGTTGTCATTTCGAAGATCAAAGACGCAGCTGAGAA 205 
                          ************************************************************ 
 
AT5G43450rescue2full      TTGGGGATTTTTCCAAGTGATCAATCATGATGTTCCTTTAACTGTTCTTGAAGAGATCAA 1380 
43450seq2                 TTGGGGATTTTTCCAAGTGATCAATCATGATGTTCCTTTAACTGTTCTTGAAGAGATCAA 265 
                          ************************************************************ 
 
AT5G43450rescue2full      AGAGAGTGTTCGAAGGTTTCATGAACAAGATCCAGTTGTCAAGAACCAATATCTTCCTAC 1440 
43450seq3                 AGAGAGTGTTCGAAGGTTTCATGAACAAGATCCAGTTGTCAAGAACCAATATCTTCCTAC 325 
                          ************************************************************ 
 
AT5G43450rescue2full      CGATAACAACAAGAGATTTGTTTATAACAATGATTTCGATCTCTATCATTCTTCTCCTTT 1500 
43450seq3                 CGATAACAACAAGAGATTTGTTTATAACAATGATTTCGATCTCTATCATTCTTCTCCTTT 385 
                          ************************************************************ 
 
AT5G43450rescue2full      GAATTGGAGAGACTCTTTCACTTGTTATATTGCTCCAGATCCTCCGAATCCAGAGGAAAT 1560 
43450seq3                 GAATTGGAGAGACTCTTTCACTTGTTATATTGCTCCAGATCCTCCGAATCCAGAGGAAAT 445 
                          ************************************************************ 
 
AT5G43450rescue2full      CCCACTAGCTTGCAGGTACATGTTATATATAGTGATTAATAGTATTATACTATTTGTTGT 1620 
43450seq3                 CCCACTAGCTTGCAGGTACATGTTATATATAGTGATTAATAGTATTATACTATTTGTTGT 505 
                          ************************************************************ 
 
AT5G43450rescue2full      GTTTATGCTATTTCTAAACAATTTGGTTTCATATATAACCAAAAAAAAAACTTTTTAGCA 1680 
43450seq3                 GTTTATGCTATTTCTAAACAATTTGGTTTCATATATAACCAAAAAAAAAACTTTTTAGCA 565 
                          ************************************************************ 
 
AT5G43450rescue2full      CGATAACAACAAGAGATTTGTTTATAACAATGATTTCGATCTCTATCATTCTTCTCCTTT 1500 
43450seq3                 CGATAACAACAAGAGATTTGTTTATAACAATGATTTCGATCTCTATCATTCTTCTCCTTT 107 
                          ************************************************************ 
 
AT5G43450rescue2full      GAATTGGAGAGACTCTTTCACTTGTTATATTGCTCCAGATCCTCCGAATCCAGAGGAAAT 1560 
43450seq3                 GAATTGGAGAGACTCTTTCACTTGTTATATTGCTCCAGATCCTCCGAATCCAGAGGAAAT 167 
                          ************************************************************ 
 
AT5G43450rescue2full      CCCACTAGCTTGCAGGTACATGTTATATATAGTGATTAATAGTATTATACTATTTGTTGT 1620 
43450seq3                 CCCACTAGCTTGCAGGTACATGTTATATATAGTGATTAATAGTATTATACTATTTGTTGT 227 
                          ************************************************************ 
 
AT5G43450rescue2full      GTTTATGCTATTTCTAAACAATTTGGTTTCATATATAACCAAAAAAAAAACTTTTTAGCA 1680 
43450seq3                 GTTTATGCTATTTCTAAACAATTTGGTTTCATATATAACCAAAAAAAAAACTTTTTAGCA 287 
                          ************************************************************ 
 
AT5G43450rescue2full      TTATGTGATTGTTTAACATAAATTTACTTAGTTCAAATGATTCCACGATTTTATTATCTC 1740 
43450seq3                 TTATGTGATTGTTTAACATAAATTTACTTAGTTCAAATGATTCCACGATTTTATTATCTC 347 
                          ************************************************************ 
 
AT5G43450rescue2full      AATTTTAATTCAAGTAAACAATTTCCTTTTCTAGTGTTTTAATTCTTAATATGATGATTT 1800 
43450seq3                 AATTTTAATTCAAGTAAACAATTTCCTTTTCTAGTGTTTTAATTCTTAATATGATGATTT 407 
                          ************************************************************ 
 
AT5G43450rescue2full      TAGGAGTGCGGTGATCGAATACACGAAGCATGTAATGGAATTAGGAGCTGTGCTCTTCCA 1860 
43450seq4                 TAGGAGTGCGGTGATCGAATACACGAAGCATGTAATGGAATTAGGAGCTGTGCTCTTCCA 467 
                          ************************************************************ 
 
AT5G43450rescue2full      ACTTCTCTCAGAAGCTTTAGGTTTAGACTCTGAGACACTTAAGAGGATTGATTGTCTTAA 1920 
43450seq4                 ACTTCTCTCAGAAGCTTTAGGTTTAGACTCTGAGACACTTAAGAGGATTGATTGTCTTAA 93 
                          ************************************************************ 
 
AT5G43450rescue2full      GGGTTTGTTTATGCTCTGCCATTACTATCCACCTTGCCCACAACCTGACCTAACTTTAGG 1980 
43450seq4                 GGGTTTGTTTATGCTCTGCCATTACTATCCACCTTGCCCACAACCTGACCTAACTTTAGG 153 




AT5G43450rescue2full      TATAAGTAAACACACCGACAACTCTTTCCTCACGCTTCTTCTTCAAGACCAAATCGGTGG 2040 
43450seq4                 TATAAGTAAACACACCGACAACTCTTTCCTCACGCTTCTTCTTCAAGACCAAATCGGTGG 213 
                          ************************************************************ 
 
AT5G43450rescue2full      TCTTCAAGTTCTTCATGAAGATTATTGGGTCGATGTCCCTCCTGTACCTGGAGCTCTTGT 2100 
43450seq4                 TCTTCAAGTTCTTCATGAAGATTATTGGGTCGATGTCCCTCCTGTACCTGGAGCTCTTGT 273 
                          ************************************************************ 
 
AT5G43450rescue2full      TGTCAACATTGGTGATTTCATGCAGGCAAGTCCAGTTGATGCATTCTTTTAACTAAAAAA 2160 
43450seq4                 TGTCAACATTGGTGATTTCATGCAGGCAAGTCCAGTTGATGCATTCTTTTAACTAAAAAA 333 
                          ************************************************************ 
 
AT5G43450rescue2full      ACAGATTCTTTACCAATTAATTTGAGACATTTTGTTTTGCAGCTGATAACGAACGATAAG 2220 
43450seq4                 ACAGATTCTTTACCAATTAATTTGAGACATTTTGTTTTGCAGCTGATAACGAACGATAAG 393 
                          ************************************************************ 
 
AT5G43450rescue2full      TTCTTGAGCGTGGAGCATAGGGTACGACCGAACAAAGATAGACCGCGGATTTCAGTTGCG 2280 
43450seq4                 TTCTTGAGCGTGGAGCATAGGGTACGACCGAACAAAGATAGACCGCGGATTTCAGTTGCG 453 
                          ************************************************************ 
 
AT5G43450rescue2full      TGCTTCTTTAGCTCGAGTCTTTCTCCAAATTCCACGGTTTATGGACCGATTAAAGATCTT 2340 
43450seq4                 TGCTTCTTTAGCTCGAGTCTTTCTCCAAATTCCACGGTTTATGGACCGATTAAAGATCTT 513 
                          ************************************************************ 
 
AT5G43450rescue2full      TTGTCTGATGAAAACCCTGCTAAGTACAAAGATATCACCATACCAGAGTACACTGCAGGA 2400 
43450seq4                 TTGTCTGATGAAAACCCTGCTAAGTACAAAGATATCACCATACCAGAGTACACTGCAGGA 573 
                          ************************************************************ 
 
AT5G43450rescue2full      TTTCTTGCGAGCATTTTTGATGAAAAGTCGTATTTGACTAATTACATGATATACACCCAG 2460 
43450seq5                 TTTCTTGCGAGCATTTTTGATGAAAAGTCGTATTTGACTAATTACATGATATACACCCAG 85 
                          ************************************************************ 
 
AT5G43450rescue2full      CTTTCTTGTACAAAGTGGTTCGATAGCTTGGCGCGCCTCGAGGGGGGGCCCGGTACCATG 2520 
43450seq5                 CTTTCTTGTACAAAGTGGTTCGATAGCTTGGCGCGCCTCGAGGGGGGGCCCGGTACCATG 145 
                          ************************************************************ 
 
AT5G43450rescue2full      GTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGC 2580 
43450seq5                 GTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGC 205 
                          ************************************************************ 
 
AT5G43450rescue2full      GACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGC 2640 
43450seq5                 GACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGC 265 
                          ************************************************************ 
 
AT5G43450rescue2full      AAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTC 2700 
43450seq5                 AAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTC 325 
                          ************************************************************ 
 
AT5G43450rescue2full      GTGACCACCTTCGGCTACGGCCTGATGTGCTTCGCCCGCTACCCCGACCACATGAAGCAG 2760 
43450seq5                 GTGACCACCTTCGGCTACGGCCTGATGTGCTTCGCCCGCTACCCCGACCACATGAAGCAG 385 
                          ************************************************************ 
 
AT5G43450rescue2full      CACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTC 2820 
43450seq5                 CACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTC 445 
                          ************************************************************ 
 
AT5G43450rescue2full      AAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTG 2880 
43450seq5                 AAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTG 505 
                          ************************************************************ 
 
AT5G43450rescue2full      AACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAG 2940 
43450seq5                 AACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAG 565 
                          ************************************************************ 
 
AT5G43450rescue2full      CTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGC 3000 
43450seq5                 CTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGC 625 
                          ************************************************************ 
 
AT5G43450rescue2full      ATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGAC 3060 
43450seq5                 ATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGAC 685 
                          ************************************************************ 
 
AT5G43450rescue2full      CACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTAC 3120 
43450seq5                 CACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTAC 745 
                          ************************************************************ 
 
AT5G43450rescue2full      CTGAGCTACCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTG 3180 
43450seq5                 CTGAGCTACCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTG 805 
217 
 
                          ************************************************************ 
 
AT5G43450rescue2full      CTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAA--- 3237 
43450seq5                 CTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAAACC 865 




Appendix VI-F: pDONRz+ATL2ox sequencing results. Primers M13F, ATL2seq2, ATL2seq3 and M13R were used 
(ATL2seq2 and ATL2seq3 in underlined regions). Amplified region includes ATL2 coding sequence, linker region and 
GFP. 
 
ATL2ox          ATGAACTCCAACGACCAGGATCCGATTCCGTTCAGACCCGAAGACAACAACTTCTCCGGT 60 
M13F            ATGAACTCCAACGACCAGGATCCGATTCCGTTCAGACCCGAAGACAACAACTTCTCCGGT 60 
                ************************************************************ 
 
ATL2ox          TCCAAAACCTACGCCATGAGCGGCAAAATCATGCTAAGTGCAATAGTAATCCTCTTCTTC 120 
M13F            TCCAAAACCTACGCCATGAGCGGCAAAATCATGCTAAGTGCAATAGTAATCCTCTTCTTC 120 
                ************************************************************ 
 
ATL2ox          GTCGTCATTTTAATGGTCTTCCTCCATCTTTACGCTCGTTGGTATCTCCTCCGTGCTCGT 180 
M13F            GTCGTCATTTTAATGGTCTTCCTCCATCTTTACGCTCGTTGGTATCTCCTCCGTGCTCGT 180 
                ************************************************************ 
 
ATL2ox          AGACGTCATCTCCGTCGTCGTAGCCGTAACCGTCGCGCTACGATGGTTTTCTTCACCGCT 240 
ATL2seq2        AGACGTCATCTCCGTCGTCGTAGCCGTAACCGTCGCGCTACGATGGTTTTCTTCACCGCT 240 
                ************************************************************ 
 
ATL2ox          GATCCTTCCACCGCCGCAACTTCCGTCGTCGCTTCACGTGGACTTGATCCAAACGTTATT 300 
ATL2seq2        GATCCTTCCACCGCCGCAACTTCCGTCGTCGCTTCACGTGGACTTGATCCAAACGTTATT 133 
                ************************************************************ 
 
ATL2ox          AAATCTCTTCCTGTTTTCACTTTCTCCGACGAGACTCATAAAGATCCGATCGAATGCGCC 360 
ATL2seq2        AAATCTCTTCCTGTTTTCACTTTCTCCGACGAGACTCATAAAGATCCGATCGAATGCGCC 193 
                ************************************************************ 
 
ATL2ox          GTTTGTTTATCGGAATTCGAAGAGAGCGAGACGGGTCGGGTTTTGCCCAATTGTCAACAT 420 
ATL2seq2        GTTTGTTTATCGGAATTCGAAGAGAGCGAGACGGGTCGGGTTTTGCCCAATTGTCAACAT 253 
                ************************************************************ 
 
ATL2ox          ACTTTTCATGTTGATTGTATTGATATGTGGTTTCATTCTCATTCCACTTGTCCTCTTTGT 480 
ATL2seq2        ACTTTTCATGTTGATTGTATTGATATGTGGTTTCATTCTCATTCCACTTGTCCTCTTTGT 313 
                ************************************************************ 
 
ATL2ox          CGATCTCTCGTTGAGTCTCTCGCCGGGATTGAATCAACGGCGGCGGCGAGGGAGAGGGAA 540 
ATL2seq2        CGATCTCTCGTTGAGTCTCTCGCCGGGATTGAATCAACGGCGGCGGCGAGGGAGAGGGAA 373 
                ************************************************************ 
 
ATL2ox          GTTGTGATTGCGGTTGATTCTGATCCGGTTTTGGTAATTGAACCGAGTTCTAGCTCTGGA 600 
ATL2seq2        GTTGTGATTGCGGTTGATTCTGATCCGGTTTTGGTAATTGAACCGAGTTCTAGCTCTGGA 433 
                ************************************************************ 
 
ATL2ox          TTGACGGATGAACCACATGGATCTGGATCTTCTCAGATGCTGAGGGAAGATTCCGGGAGA 660 
ATL2seq3        TTGACGGATGAACCACATGGATCTGGATCTTCTCAGATGCTGAGGGAAGATTCCGGGAGA 493 
                ************************************************************ 
 
ATL2ox          AAACCGGCGGCGATTGAGGTTCCGAGGAGGACTTTTAGCGAGTTTGAAGATGAGTTGACT 720 
ATL2seq3        AAACCGGCGGCGATTGAGGTTCCGAGGAGGACTTTTAGCGAGTTTGAAGATGAGTTGACT 98 
                ************************************************************ 
 
ATL2ox          CGGAGAGACTCGCCGGCGAGTCAGTCGTTTAGGTCTCCGATGAGTCGGATGTTATCTTTC 780 
ATL2seq3        CGGAGAGACTCGCCGGCGAGTCAGTCGTTTAGGTCTCCGATGAGTCGGATGTTATCTTTC 158 
                ************************************************************ 
 
ATL2ox          ACTCGGATGTTGAGTAGAGATAGAAGAAGCGCTTCGTCTCCTATCGCCGGAGCTCCGCCG 840 
ATL2seq3        ACTCGGATGTTGAGTAGAGATAGAAGAAGCGCTTCGTCTCCTATCGCCGGAGCTCCGCCG 218 
                ************************************************************ 
 
ATL2ox          CTATCGCCGACGTTAAGCTGCCGGATACAGATGACCGAGTCAGATATCGAACGGGGAGGA 900 
ATL2seq3        CTATCGCCGACGTTAAGCTGCCGGATACAGATGACCGAGTCAGATATCGAACGGGGAGGA 278 
                ************************************************************ 
 
ATL2ox          GAAGAGAGTAGGTACCCAGCTTTCTTGTACAAAGTGGTGATAGCTTGGCGCGCCTCGAGG 960 
ATL2seq3        GAAGAGAGTAGGTACCCAGCTTTCTTGTACAAAGTGGTGATAGCTTGGCGCGCCTCGAGG 338 
                ************************************************************ 
 
ATL2ox          GGGGGCCCGGTACCGGTAGAAAAAATGAGTAAAGGAGAAGAACTTTTCACTGGAGTTGTC 1020 
ATL2seq3        GGGGGCCCGGTACCGGTAGAAAAAATGAGTAAAGGAGAAGAACTTTTCACTGGAGTTGTC 398 
                ************************************************************ 
 
ATL2ox          CCAATTCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTTTCTGTCAGTGGAGAG 1080 
ATL2seq3        CCAATTCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTTTCTGTCAGTGGAGAG 458 
                ************************************************************ 
 
ATL2ox          GGTGAAGGTGATGCAACATACGGAAAACTTACCCTTAAATTTATTTGCACTACTGGAAAA 1140 
219 
 
ATL2seq3        GGTGAAGGTGATGCAACATACGGAAAACTTACCCTTAAATTTATTTGCACTACTGGAAAA 518 
                ************************************************************ 
 
ATL2ox          CTACCTGTTCCATGGCCAACCCTGGTCACCACCCTGACCTACGGCGTGCAGTGCTTCTCC 1200 
ATL2seq3        CTACCTGTTCCATGGCCAACCCTGGTCACCACCCTGACCTACGGCGTGCAGTGCTTCTCC 578 
                ************************************************************ 
 
ATL2ox          CGTTACCCTGATCATATGAAGCGGCACGACTTCTTCAAGAGCGCCATGCCTGAGGGATAC 1260 
ATL2seq3        CGTTACCCTGATCATATGAAGCGGCACGACTTCTTCAAGAGCGCCATGCCTGAGGGATAC 638 
                ************************************************************ 
 
ATL2ox          GTGCAGGAGAGGACCATCTTCTTCAAGGACGACGGGAACTACAAGACACGTGCTGAAGTC 1320 
ATL2seq3        GTGCAGGAGAGGACCATCTTCTTCAAGGACGACGGGAACTACAAGACACGTGCTGAAGTC 698 
                ************************************************************ 
 
ATL2ox          AAGTTTGAGGGAGACACCCTCGTCAACAGGATCGAGCTTAAGGGAATCGATTTCAAGGAG 1380 
M13R            AAGTTTGAGGGAGACACCCTCGTCAACAGGATCGAGCTTAAGGGAATCGATTTCAAGGAG 564 
                ************************************************************ 
 
ATL2ox          GACGGAAACATCCTCGGCCACAAGTTGGAATACAACTACAACTCCCACAACGTATACATC 1440 
M13R            GACGGAAACATCCTCGGCCACAAGTTGGAATACAACTACAACTCCCACAACGTATACATC 624 
                ************************************************************ 
 
ATL2ox          ATGGCCGACAAGCAAAAGAACGGCATCAAAGCCAACTTCAAGACCCGCCACAACATCGAA 1500 
M13R            ATGGCCGACAAGCAAAAGAACGGCATCAAAGCCAACTTCAAGACCCGCCACAACATCGAA 684 
                ************************************************************ 
 
ATL2ox          GACGGCGGCGTGCAACTCGCTGATCATTATCAACAAAATACTCCAATTGGCGATGGCCCT 1560 
M13R            GACGGCGGCGTGCAACTCGCTGATCATTATCAACAAAATACTCCAATTGGCGATGGCCCT 744 
                ************************************************************ 
 
ATL2ox          GTCCTTTTACCAGACAACCATTACCTGTCCACACAATCTGCCCTTTCGAAAGATCCCAAC 1620 
M13R            GTCCTTTTACCAGACAACCATTACCTGTCCACACAATCTGCCCTTTCGAAAGATCCCAAC 804 
                ************************************************************ 
 
ATL2ox          GAAAAGAGAGACCACATGGTCCTTCTTGAGTTTGTAACAGCTGCTGGGATTACACATGGC 1680 
M13R            GAAAAGAGAGACCACATGGTCCTTCTTGAGTTTGTAACAGCTGCTGGGATTACACATGGC 864 
                ************************************************************ 
 
ATL2ox          ATGGTAGAACTATACAAACACCACCACCACCACCACTAA--------------------- 1719 
M13R            ATGGTAGAACTATACAAACACCACCACCACCACCACTAAACCCAGCTTTCTTGTACAAAG 924 










Appendix VI-G: pDONR+AT5G43450ox sequencing results. Primers M13F, 43450seq3, 43450seq4 and 43450seq5 were 
used (underlined regions). Amplified region includes AT5G43450 coding sequence, linker region and Citrine. 
 
AT5G43450ox      ATGACAGAGAATTCTGAAAAAATCGATCGTTTAAACGATCTCACGACTTTTATCTCGACG 60 
M13F             ATGACAGAGAATTCTGAAAAAATCGATCGTTTAAACGATCTCACGACTTTTATCTCGACG 60 
                 ************************************************************ 
 
AT5G43450ox      AAGACAGGAGTGAAAGGACTCGTCGATGCCGAAATAACCGAAGTTCCTAGCATGTTTCAT 120 
M13F             AAGACAGGAGTGAAAGGACTCGTCGATGCCGAAATAACCGAAGTTCCTAGCATGTTTCAT 120 
                 ************************************************************ 
 
AT5G43450ox      GTCCCTTCTTCTATTTTATCAAACAACAGACCTTCTGATATCTCCGGCTTAAACCTCACC 180 
M13F             GTCCCTTCTTCTATTTTATCAAACAACAGACCTTCTGATATCTCCGGCTTAAACCTCACC 180 
                 ************************************************************ 
 
AT5G43450ox      GTCCCAATCATCGACCTCGGAGATCGTAACACATCTTCAAGAAACGTTGTCATTTCGAAG 240 
M13F             GTCCCAATCATCGACCTCGGAGATCGTAACACATCTTCAAGAAACGTTGTCATTTCGAAG 240 
                 ************************************************************ 
 
AT5G43450ox      ATCAAAGACGCAGCTGAGAATTGGGGATTTTTCCAAGTGATCAATCATGATGTTCCTTTA 300 
M13F             ATCAAAGACGCAGCTGAGAATTGGGGATTTTTCCAAGTGATCAATCATGATGTTCCTTTA 300 
                 ************************************************************ 
 
AT5G43450ox      ACTGTTCTTGAAGAGATCAAAGAGAGTGTTCGAAGGTTTCATGAACAAGATCCAGTTGTC 360 
M13F             ACTGTTCTTGAAGAGATCAAAGAGAGTGTTCGAAGGTTTCATGAACAAGATCCAGTTGTC 360 
                 ************************************************************ 
 
AT5G43450ox      AAGAACCAATATCTTCCTACCGATAACAACAAGAGATTTGTTTATAACAATGATTTCGAT 420 
43450seq3        AAGAACCAATATCTTCCTACCGATAACAACAAGAGATTTGTTTATAACAATGATTTCGAT 420 
                 ************************************************************ 
 
AT5G43450ox      CTCTATCATTCTTCTCCTTTGAATTGGAGAGACTCTTTCACTTGTTATATTGCTCCAGAT 480 
43450seq3        CTCTATCATTCTTCTCCTTTGAATTGGAGAGACTCTTTCACTTGTTATATTGCTCCAGAT 147 
                 ************************************************************ 
 
AT5G43450ox      CCTCCGAATCCAGAGGAAATCCCACTAGCTTGCAGGTACATGTTATATATAGTGATTAAT 540 
43450seq3        CCTCCGAATCCAGAGGAAATCCCACTAGCTTGCAGGTACATGTTATATATAGTGATTAAT 207 
                 ************************************************************ 
 
AT5G43450ox      AGTATTATACTATTTGTTGTGTTTATGCTATTTCTAAACAATTTGGTTTCATATATAACC 600 
43450seq3        AGTATTATACTATTTGTTGTGTTTATGCTATTTCTAAACAATTTGGTTTCATATATAACC 267 
                 ************************************************************ 
 
AT5G43450ox      AAAAAAAAAACTTTTTAGCATTATGTGATTGTTTAACATAAATTTACTTAGTTCAAATGA 660 
43450seq3        AAAAAAAAAACTTTTTAGCATTATGTGATTGTTTAACATAAATTTACTTAGTTCAAATGA 327 
                 ************************************************************ 
 
AT5G43450ox      TTCCACGATTTTATTATCTCAATTTTAATTCAAGTAAACAATTTCCTTTTCTAGTGTTTT 720 
43450seq3        TTCCACGATTTTATTATCTCAATTTTAATTCAAGTAAACAATTTCCTTTTCTAGTGTTTT 387 
                 ************************************************************ 
 
AT5G43450ox      AATTCTTAATATGATGATTTTAGGAGTGCGGTGATCGAATACACGAAGCATGTAATGGAA 780 
43450seq3        AATTCTTAATATGATGATTTTAGGAGTGCGGTGATCGAATACACGAAGCATGTAATGGAA 447 
                 ************************************************************ 
 
AT5G43450ox      TTAGGAGCTGTGCTCTTCCAACTTCTCTCAGAAGCTTTAGGTTTAGACTCTGAGACACTT 840 
43450seq4        TTAGGAGCTGTGCTCTTCCAACTTCTCTCAGAAGCTTTAGGTTTAGACTCTGAGACACTT 507 
                 ************************************************************ 
 
 
AT5G43450ox      AAGAGGATTGATTGTCTTAAGGGTTTGTTTATGCTCTGCCATTACTATCCACCTTGCCCA 900 
43450seq4        AAGAGGATTGATTGTCTTAAGGGTTTGTTTATGCTCTGCCATTACTATCCACCTTGCCCA 133 
                 ************************************************************ 
 
AT5G43450ox      CAACCTGACCTAACTTTAGGTATAAGTAAACACACCGACAACTCTTTCCTCACGCTTCTT 960 
43450seq4        CAACCTGACCTAACTTTAGGTATAAGTAAACACACCGACAACTCTTTCCTCACGCTTCTT 193 
                 ************************************************************ 
 
AT5G43450ox      CTTCAAGACCAAATCGGTGGTCTTCAAGTTCTTCATGAAGATTATTGGGTCGATGTCCCT 1020 
43450seq4        CTTCAAGACCAAATCGGTGGTCTTCAAGTTCTTCATGAAGATTATTGGGTCGATGTCCCT 253 
                 ************************************************************ 
 
AT5G43450ox      CCTGTACCTGGAGCTCTTGTTGTCAACATTGGTGATTTCATGCAGGCAAGTCCAGTTGAT 1080 
43450seq4        CCTGTACCTGGAGCTCTTGTTGTCAACATTGGTGATTTCATGCAGGCAAGTCCAGTTGAT 313 
                 ************************************************************ 
 
AT5G43450ox      GCATTCTTTTAACTAAAAAAACAGATTCTTTACCAATTAATTTGAGACATTTTGTTTTGC 1140 
221 
 
43450seq4        GCATTCTTTTAACTAAAAAAACAGATTCTTTACCAATTAATTTGAGACATTTTGTTTTGC 373 
                 ************************************************************ 
 
AT5G43450ox      AGCTGATAACGAACGATAAGTTCTTGAGCGTGGAGCATAGGGTACGACCGAACAAAGATA 1200 
43450seq4        AGCTGATAACGAACGATAAGTTCTTGAGCGTGGAGCATAGGGTACGACCGAACAAAGATA 433 
                 ************************************************************ 
 
AT5G43450ox      GACCGCGGATTTCAGTTGCGTGCTTCTTTAGCTCGAGTCTTTCTCCAAATTCCACGGTTT 1260 
43450seq4        GACCGCGGATTTCAGTTGCGTGCTTCTTTAGCTCGAGTCTTTCTCCAAATTCCACGGTTT 493 
                 ************************************************************ 
 
AT5G43450ox      ATGGACCGATTAAAGATCTTTTGTCTGATGAAAACCCTGCTAAGTACAAAGATATCACCA 1320 
43450seq4        ATGGACCGATTAAAGATCTTTTGTCTGATGAAAACCCTGCTAAGTACAAAGATATCACCA 553 
                 ************************************************************ 
 
AT5G43450ox      TACCAGAGTACACTGCAGGATTTCTTGCGAGCATTTTTGATGAAAAGTCGTATTTGACTA 1380 
43450seq4        TACCAGAGTACACTGCAGGATTTCTTGCGAGCATTTTTGATGAAAAGTCGTATTTGACTA 613 
                 ************************************************************ 
 
AT5G43450ox      ATTACATGATATACACCCAGCTTTCTTGTACAAAGTGGTTCGATAGCTTGGCGCGCCTCG 1440 
43450seq5        ATTACATGATATACACCCAGCTTTCTTGTACAAAGTGGTTCGATAGCTTGGCGCGCCTCG 125 
                 ************************************************************ 
 
AT5G43450ox      AGGGGGGGCCCGGTACCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCA 1500 
43450seq5        AGGGGGGGCCCGGTACCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCA 185 
                 ************************************************************ 
 
AT5G43450ox      TCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCG 1560 
43450seq5        TCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCG 245 
                 ************************************************************ 
 
AT5G43450ox      AGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGC 1620 
43450seq5        AGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGC 305 
                 ************************************************************ 
 
AT5G43450ox      CCGTGCCCTGGCCCACCCTCGTGACCACCTTCGGCTACGGCCTGATGTGCTTCGCCCGCT 1680 
43450seq5        CCGTGCCCTGGCCCACCCTCGTGACCACCTTCGGCTACGGCCTGATGTGCTTCGCCCGCT 365 
                 ************************************************************ 
 
AT5G43450ox      ACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCC 1740 
43450seq5        ACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCC 425 
                 ************************************************************ 
 
AT5G43450ox      AGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGT 1800 
43450seq5        AGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGT 485 
                 ************************************************************ 
 
AT5G43450ox      TCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACG 1860 
43450seq5        TCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACG 545 
                 ************************************************************ 
 
AT5G43450ox      GCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGG 1920 
43450seq5        GCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGG 605 
                 ************************************************************ 
 
AT5G43450ox      CCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACG 1980 
43450seq5        CCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACG 665 
                 ************************************************************ 
 
AT5G43450ox      GCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGC 2040 
43450seq5        GCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGC 725 
                 ************************************************************ 
 
AT5G43450ox      TGCTGCCCGACAACCACTACCTGAGCTACCAGTCCGCCCTGAGCAAAGACCCCAACGAGA 2100 
43450seq5        TGCTGCCCGACAACCACTACCTGAGCTACCAGTCCGCCCTGAGCAAAGACCCCAACGAGA 785 
                 ************************************************************ 
 
AT5G43450ox      AGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGG 2160 
43450seq5        AGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGG 845 
                 ************************************************************ 
 
AT5G43450ox      ACGAGCTGTACAAG---------------------------------------------- 2174 
43450seq5        ACGAGCTGTACAAGTAAACCCAGCTTTCTTGTACAAAGTTGGCATTATAAGAAAGCATTG 905 






Appendix VI-H: pCambia1304+pATL2 sequencing results. Primers pATL2-BamHI-F and ATL2seq1 were used 
(underlined regions). Below is shown the alignment with the first 150 bp of GFP sequence to confirm the correct 
orientation of the insert. 
 
pATL2              ACCAGTTGAGGAAACATTGTACTTAATTATAACTGGGAATGTCTAAAGGTAACTTATGAA 60 
pATL2-BamHI-F      ----------------------------ATTCCTGGGCATGTCTAAGG--TACTTATGAA 30 
                                               **:.*****.********.*  :********* 
 
pATL2              CTTCTATCGACGGCACAGTGGTCAGATTAACTTCCACCGAACAAGTTTTGGATTCGGAAA 120 
pATL2-BamHI-F      CTTCTATCGACGGCACAGTGGTCAGATTAACTTCCACCGAACAAGTTTTGGATTCGGAAA 90 
                   ************************************************************ 
 
pATL2              AAACAATTTGAACTGTGGACGACAAGCACGAGCCAAGTGATATTTATTTATTTATTTTAC 180 
pATL2-BamHI-F      AAACAATTTGAACTGTGGACGACAAGCACGAGCCAAGTGATATTTATTTATTTATTTTAC 150 
                   ************************************************************ 
 
pATL2              CGACTAAAAAAATCTTTGTAGTAATTTAAAATTTTCAATGCAGAAAATATTATGCTAAAT 240 
pATL2-BamHI-F      CGACTAAAAAAATCTTTGTAGTAATTTAAAATTTTCAATGCAGAAAATATTATGCTAAAT 210 
                   ************************************************************ 
 
pATL2              TAAAGTGAATATTTGATACTAACTAGTTGACCCGCAAATATAATCTTAACTTTATCATAT 300 
pATL2-BamHI-F      TAAAGTGAATATTTGATACTAACTAGTTGACCCGCAAATATAATCTTAACTTTATCATAT 270 
                   ************************************************************ 
 
pATL2              TGTTGTGATACTATTTACATATCAAAGTATTAAATCCCATTTTCCCTGTAATGAGTATCT 360 
pATL2-BamHI-F      TGTTGTGATACTATTTACATATCAAAGTATTAAATCCCATTTTCCCTGTAATGAGTATCT 330 
                   ************************************************************ 
 
pATL2              ATTTATCCCTTTATCATAAAATAATAATCCAAAATACGTGCTCTCTTAATTTATAGAAAA 420 
pATL2-BamHI-F      ATTTATCCCTTTATCATAAAATAATAATCCAAAATACGTGCTCTCTTAATTTATAGAAAA 390 
                   ************************************************************ 
 
pATL2              ATAAAAGTTAATAACTATTTAGAACCTTATGGTAAAAAAAAATACAAGTAAAAGTATATC 480 
pATL2-BamHI-F      ATAAAAGTTAATAACTATTTAGAACCTTATGGTAAAAAAAAATACAAGTAAAAGTATATC 450 
                   ************************************************************ 
 
pATL2              TCTAAGCATTTTCCCTTTGAAATTTTCAAACTAATTAAATAGTTACCAAAACAAAAAGAA 540 
ATL2seq1           TCTAAGCATTTTCCCTTTGAAATTTTCAAACTAATTAAATAGTTACCAAAACAAAAAGAA 80 
                   ************************************************************ 
 
pATL2              GAAGGGCAGAATAGTCAAAAGAGAAAACTCGCGCGTCAACGTTGGCGTCGTCTTGCCAAA 600 
ATL2seq1           GAAGGGCAGAATAGTCAAAAGAGAAAACTCGCGCGTCAACGTTGGCGTCGTCTTGCCAAA 140 
                   ************************************************************ 
 
pATL2              CTTTGCCAATAATAATAATTAGACTTCTGCACTTTCTCACGAACCTCTCTGTCTCGTCCA 660 
ATL2seq1           CTTTGCCAATAATAATAATTAGACTTCTGCACTTTCTCACGAACCTCTCTGTCTCGTCCA 200 
                   ************************************************************ 
 
pATL2              TTACTTAAAAACCAAATCTTTCATCATCTTCCTTCACCAGTTGACTCTCTTTCAATCTAT 720 
ATL2seq1           TTACTTAAAAACCAAATCTTTCATCATCTTCCTTCACCAGTTGACTCTCTTTCAATCTAT 260 
                   ************************************************************ 
 
pATL2              CTCTGAATCTCTCACTCTCCTACCCG------------------------AAAACC---- 752 
ATL2seq1           CTCTGAATCTCTCACTCTCCTACCCATGGTAGATCTGACTAGTAAAGGAGAAGAACTTTT 320 








GFP_first150bp      ---------------------------------------------ATGGTAGATCTGACT 15 
ATL2seq1            TTGACTCTCTTTCAATCTATCTCTGAATCTCTCACTCTCCTACCCATGGTAGATCTGACT 300 
                                                                 *************** 
 
GFP_first150bp      AGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGATGGTGAT 75 
ATL2seq1            AGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGATGGTGAT 360 
                    ************************************************************ 
 
GFP_first150bp      GTTAATGGGCACAAATTTTCTGTCAGTGGAGAGGGTGAAGGTGATGCAACATACGGAAAA 135 
ATL2seq1            GTTAATGGGCACAAATTTTCTGTCAGTGGAGAGGGTGAAGGTGATGCAACATACGGAAAA 420 
                    ************************************************************ 
 
GFP_first150bp      CTTACCCTTAAATTT----------------------------- 150 
ATL2seq1            CTTACCCTTAAATTTATTTGCACTACTGGAAAACTACCTGTTCC 464 




Appendix VI-I: pCambia1304+pAT5G43450 sequencing results. Primers p43450-BamHI-F3 and 43450seq1 were used 
(highlighted regions). Below is shown the alignment with the first 150 bp of GFP sequence to confirm the correct 
orientation of the insert. 
 
 
pAT5G43450           CCATATTTTTAGCTTGGGAATCTTGGATTAAATATTAGGACAATATTTTTAACTTGAGAA 60 
p43450-BamHI-F3      ------------------------------------GGGATAGGATATTTTACTTGAG-A 23 
                                                         .*** *. **:***:******* * 
 
pAT5G43450           TCTTGGTTTAAATATGAGAACCATATTTCAGAAAAAAAAAGTTTATATATGTGTAATTTT 120 
p43450-BamHI-F3      TCTTGG-TTTAATATGAG-AACATATTTCAGAAAAAAAAAGTTTCCCTATGTGTAATTTT 81 
                     ****** **:******** *.***********************. .************* 
 
pAT5G43450           GTCGGAACCGGATTTACTAACATTCGTAGGTAGTCGGATTTGGTCCCGTAAAATAAAATG 180 
p43450-BamHI-F3      GTCGGAACCGGATTTACTAACATTCGTAGGTAGTCGGATTTGGTCCCGTAAAATAAAATG 141 
                     ************************************************************ 
 
pAT5G43450           GTAAATAAAACAAAATTAATAGTAAAGAAAATGAAAAATAATTTACAAACACAAATTAAA 240 
p43450-BamHI-F3      GTAAATAAAACAAAATTAATAGTAAAGAAAATGAAAAATAATTTACAAACACAAATTAAA 201 
                     ************************************************************ 
 
pAT5G43450           TTGAATACAAACTAGCTATCATAATATTTTTCAAGTTGGTTTTCATGAACATTTTAGAGC 300 
p43450-BamHI-F3      TTGAATACAAACTAGCTATCATAATATTTTTCAAGTTGGTTTTCATGAACATTTTAGAGC 261 
                     ************************************************************ 
 
pAT5G43450           ACTAAGCTATATAACAAAATAATAATAATTAAACATCTTTTAATCATTAAGTATTTAAAG 360 
p43450-BamHI-F3      ACTAAGCTATATAACAAAATAATAATAATTAAACATCTTTTAATCATTAAGTATTTAAAG 321 
                     ************************************************************ 
 
pAT5G43450           ATCCATACAAATGTTGGTTACTTGGTACAACCAACAAGGCAAAGGCGGTACTGAATAAGA 420 
p43450-BamHI-F3      ATCCATACAAATGTTGGTTACTTGGTACAACCAACAAGGCAAAGGCGGTACTGAATAAGA 381 
                     ************************************************************ 
 
pAT5G43450           ATATAAGATACATGAAAAATTGATCTACTATACTTTACAAAACGCGTTAGATATTATATA 480 
p43450-BamHI-F3      ATATAAGATACATGAAAAATTGATCTACTATACTTTACAAAACGCGTTAGATATTATATA 441 
                     ************************************************************ 
 
pAT5G43450           ATTGCTACTCGTTCAATTCATGGGGATGTAGCTCAGATGGTAGAGCGCTCGCTTAGCATG 540 
p43450-BamHI-F3      ATTGCTACTCGTTCAATTCATGGGGATGTAGCTCAGATGGTAGAGCGCTCGCTTAGCATG 501 
                     ************************************************************ 
 
pAT5G43450           CGAGAGGCACGGGGATCGATACCCCGCATCTCCACTTTTATTGTTTTCTTTTTAAGGTTC 600 
p43450-BamHI-F3      CGAGAGGCACGGGGATCGATACCCCGCATCTCCACTTTTATTGTTTTCTTTTTAAGGTTC 561 
                     ************************************************************ 
 
pAT5G43450           TTTTTCTTTTAATTTATTTTCAATCTTCTAGTCTTCAATTCTGTTTTTGTTTCTGTCGGA 660 
p43450-BamHI-F3      TTTTTCTTTTAATTTATTTTCAATCTTCTAGTCTTCAATTCTGTTTTTGTTTCTGTCGGA 621 
                     ************************************************************ 
 
pAT5G43450           ATCTCTTAAAAGTCAATTTAAATACTTTAAATTCCTTGCACAACACTCAATTTTGATACT 720 
p43450-BamHI-F3      ATCTCTTAAAAGTCAATTTAAATACTTTAAATTCCTTGCACAACACTCAATTTTGATACT 681 
                     ************************************************************ 
 
pAT5G43450           TTGAATTCCTTGCACAACACAACACGTCGCTATCAATCACAGACACCACAAACTTGGACA 780 
p43450-BamHI-F3      TTGAATTCCTTGCACAACACAACACGTCGCTATCAATCACAGACACCACAAACTTGGACA 741 
                     ************************************************************ 
 
pAT5G43450           CTTATCTTTAGTTCTGTCTTAAACTGAATCTCCCTCTTATCAATTCTGTTTTTGTTTCTG 840 
p43450-BamHI-F3      CTTATCTTTAGTTCTGTCTTAAACTGAATCTCCCTCTTATCAATTCTGTTTTTGTTTCTG 801 
                     ************************************************************ 
 
pAT5G43450           TCGGAATATCTTAAAAGTCAATTTTAATACTTTGAATTCCTTGCACAACACAACACGTCG 900 
p43450-BamHI-F3      TCGGAATATCTTAAAAGTCAATTTTAATACTTTGAATTCCTTGCACAACACAACACGTCG 861 
                     ************************************************************ 
 
pAT5G43450           CTCTCAATCACAGACACCACAAACTTCGACACTTATCTTTAGTTCCGTCTTAAATTGAAT 960 
p43450-BamHI-F3      CTCTCAATCACAGACACCACAAACTTCGACACTTATCTTTAGTTCCGTCTTAAATTGAAT 921 
                     ************************************************************ 
 
pAT5G43450           CTTCCTCTTCTTCTTGAGTCTTCAGAACAACAACAAAAAACAGAATCTTGAAAGAAAGA- 1019 
p43450-BamHI-F3      CTTCCTCTTCTTCTTGAGTCTTCAGAACAACAACAAAAAACAGAATCTTGAACCATGGTA 981 









GFP_first150bp      ---------------------------------------------------ATGGTAGAT 9 
43450seq1           CCTCTTCTTCTTGAGTCTTCAGAACAACAACAAAAAACAGAATCTTGAACCATGGTAGAT 540 
                                                                       ********* 
 
GFP_first150bp      CTGACTAGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGAT 69 
43450seq1           CTGACTAGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGAT 600 
                    ************************************************************ 
 
GFP_first150bp      GGTGATGTTAATGGGCACAAATTTTCTGTCAGTGGAGAGGGTGAAGGTGATGCAACATAC 129 
43450seq1           GGTGATGTTAATGGGCACAAATTTTCTGTCAGTGGAGAGGGTGAAGGTGATGCAACATAC 660 
                    ************************************************************ 
 
GFP_first150bp      GGAAAACTTACCCTTAAATTT--------------------------------------- 150 
43450seq1           GGAAAACTTACCCTTAAATTTATTTGCACTACTGGAAAACTACCTGTTCCGTGGCCAACA 720 































Appendix VII: Transmembrane domain prediction for ATL2 protein. Data obtained from the SVMtm Transmembrane 





Appendix VIII: ATL2 protein showing the location of the putative transmembrane domain and RING-H2 domain.  
Schematic representation (top) and amino acid sequence (bottom). RING-H2 cysteine and histidine residues are 




















Appendix X: Position of the putative cis-elements acting in ATL2 gene regulation. Promoter region (dark), 5’UTR and 



































Appendix XI: Cell cycle genes regulation during the time-course isoxaben treatment (Hamann et al., 2009). MK, mock 




Appendix XII: CYCB1;1 gene expression levels at the different developmental stages throughout Arabidopsis life cycle. 



































Appendix XIII: AT5G43450 protein highlighting the position of the 2-oxoglutarate- and iron-dependent dioxygenase 
domain (2OG-(Fe
II
). Schematic representation (top) and amino acid sequence (bottom). Predicted iron binding 
residues include H235, D237 and H291, and predicted 2-oxoglutarate binding site is located at residue R301 























Appendix XIV: (Top) Amino acid sequence alignment between AT5G43440 and ACC oxidase (ACO4). 94 identical 
positions are detected, producing an identity score of 24% between the proteins. (Bottom) Alignment between the 
2OG-(Fe
II
) oxygenase domains of AT5G43440 and ACC oxidase (ACO4). 43 identical positions are identified and an 
















Appendix XV: Expression pattern of AT5G43450 in the different Arabidopsis tissues. Data obtained from the anatomy 






Appendix XVI: Position of the putative cis-elements acting in AT5G43450 gene regulation. Promoter region (dark), 




































Appendix XVII: Confocal optical images of AT5G43450ox seedlings expressing AT5G43450::CITRINE, and wild-type Col-
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Appendix XVIII: Lambda scan of the fluorescence signal generated by the AT5G43450::CITRINE fusion protein in 
AT5G43450ox seedlings. Leica software was used to generate the graphics. The yellow line represents the CITRINE 

















Appendix XIX: Amino acid sequence of the translated nucleic acid sequence of ATL2::GFP fusion protein in ATL2ox 
constructs. ATL2 (blue); linker sequence (red); GFP (green); HIS tag (dark). 
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Appendix XX: AT5G43450 and ACC oxidase (ACO’s) genes expression levels at the different developmental stages 
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